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The emerging paradigm shift towards renewable resource recovery, and energy minimization 
in municipal wastewater treatment plants (WWTPs) coupled with increased concern over 
nutrients-related eutrophication accelerated the development of biosolids treatment 
technologies for simultaneous waste minimization, resource recovery, and carbon upgrade. 
Biological nutrient removal (BNR) processes, often need excess carbon source to meet 
stringent quality standards. Despite successful use of sludge fermentation liquid to enhance the 
BNR, different techniques, are applied to improve the low conversion yield of fermentation 
and optimize resource recovery. In this context, insights on the impact of two commonly used 
primary treatment techniques (i.e. conventional primary clarifier and the emerging rotating belt 
filtration (RBF) technology) on the single and integrated anaerobic fermentation and digestion 
of wastewater biosolids was investigated in this study. Techno-economic assessment and 
optimization to simultaneously maximize volatile fatty acids (VFAs), and biomethane 
recoveries, and further application of internal carbon source to enhance the BNR process using 
a plant-wide approach, were also among the main objectives of this project. 
 The fate of cellulose study revealed that roughly 80% of the raw wastewater cellulose was 
removed in either of the primary treatment options, while represented 35%, and 17% of the 
total suspended solids (TSS) in the RBF and primary clarifier sludges, respectively. Cellulose 
was biodegradable irrespective of the biological process configuration and tested Solids 
retention times (SRTs), with effluent concentrations of about 2-3 mg/L. 
pH-controlled fermentation was effective in improving the VFA yields by up to 93% and 72% 
at pH 9, for RBF and primary sludges, respectively. Furthermore, pH 6 was proposed as 
optimum considering significant enhancement in VFA production, while also lowering the 
amount of consumed chemicals. Interrelated impact of enzyme, temperature, and SRT on the 
enhancement of primary and RBF sludges fermentation showed a positive impact of enzyme 
dose as well as temperature and SRT on the VFA and soluble COD production. Cellulase 
increased the VFA yields by up to 36% and 86% for primary and RBF sludges, respectively. 
Response surface methodology (RSM) model depicted the existence of an optimum in the 
high-enzyme (1%-1.5%), long-SRT (3d-4d) range. The economic viability of fermentation at 




7.6±2.7% (PS) of the overall sludge disposal costs. Integration of fermentation and anaerobic 
digestion negatively impacted the biogas production of the residual fermented solids by 8.4% 
and 12.7%, compared to fresh primary and RBF sludges due to the VFA recovery, respectively; 
but still economically outperformed the single stage digestion under all tested scenarios. 
Both primary and RBF sludge fermented liquid (SFL) were effective in enhancing BNR. 
Removal efficiencies in the rectors were reached up to 57% (total nitrogen) and 92% (total 
phosphorus), upon supplementation with the SFL. Effluent nitrogen and phosphorus of the 
reactors were closely matched for the two trains in the range of 15± 6 mg N/L, and 0.5 ± 0.3 
mg P/L, respectively. A case study incorporating experimental results into a plant-wide model 
showed a moderate (3.4%-8.5%) improvement in the effective COD:N and COD:P ratios 
(compared to the original feed); but a significant increase in readily biodegradable (rbCOD) 
and VFAs (2.5-6.1 times) in the combined feed could be achieved by utilization of fermeners.  
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Summary for Lay Audience 
Excessive loads of nitrogen and phosphorus in the effluent stream of municipal wastewater 
treatment plants cause eutrophication in the surface water resources. Eutrophication is a global 
issue impacting many lakes and rivers in North America and many other parts of the world. 
Biological nutrient removal is an effective process that can effectively decrease N and P levels 
in the treated wastewater, by providing appropriate environment for the microorganisms to 
consume respective organics. This process, however requires some forms of carbon source 
such as synthesized or processed chemicals to enhance the removal efficiencies that not only 
need further investments due to maintenance costs, but also involve serious safety concerns 
and sustainability challenges. 
On the other hand, handling wastewater sludge which is produced during treatment process, 
needs to be disposed safely according to the environmental standards; a costly process 
accounting for roughly 50% of the total operation costs of WWTPs. This waste product can 
alternatively be considered as a resource by further processing to generate useful chemicals 
such as volatile fatty acids, and biogas (methane). The former is a good resource with many 
industrial applications including enhancement of the aforementioned BNR processes, while 
the latter is used in combined heat and power (CHP) machines and can produce electricity as 
a source of sustainable and clean energy. 
This PhD research aimed at developing strategies to maximize the recovery potentials (form 
both resource and energy perspectives) from wastewater sludge, and minimize the chemicals 
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Chapter 1  
1 Introduction 
1.1 Rationale 
Sustainable resources management considers wastewater as a renewable resource (Guest et al., 
2009). Sludge management in wastewater treatment plants is among the most challenging 
issues, considering its costs, rapidly increased production, and legal, social, and environmental 
concerns (Jagadevan et al., 2018). Canada produces around 4.0 million tons/year of biosolids 
(Foladori et al., 2010) with a predictable annual growth globally, due to more stringent 
standards. Despite accounting for only 1%−2% of the treated wastewater volume, treatment 
and disposal of sewage sludge represents roughly 50% of the total operation costs of WWTPs 
(Qian et al., 2016), while also is responsible for about 40% of the greenhouse gas emissions 
(Brown et al., 2010). The cost of sludge handling is expected to increase particularly in North 
America and Europe due to a higher wastewater treatment, and management standards (Kaur 
et al., 2020). Wastewater biosolids contain a large amount of organic matter, which makes it a 
suitable renewable resource for recovery. Sole or mixed sludges can be used as high strength 
organic waste and be converted anaerobically to bioresources, and/or bioenergy. Anaerobic 
digestion which consists of a series of biological steps, i.e. hydrolysis, acidogenesis, and 
acetogenesis, converts the chemical energy of wastewater biosolids into methane-rich biogas, 
a carbon-neutral alternative to fossil fuels (Zhen et al., 2017). This process not only reduces 
the disposal costs by volume reduction, but stabilizes the sludge enabling safe discharge to the 
environment (Appels et al., 2008). In large full-scale plants, despite challenges, energy 
recovery can be achieved from wastewater treatment biosolids while the highest potential for 
concentrated resource and nutrient recovery can be achieved in small-scale treatment plants 
(Diaz-Elsayed et al., 2019). Different pretreatment techniques have been developed to enhance 
the sludge disintegration and solublization (Zhen et al., 2017). Additionally, considering the 
fact that biologically produced methane  is 21 more times effective than CO2 in trapping heat 
in the atmosphere (EPA, 2017), capturing CH4 from the source decreases its 





On the other hand, to prevent the eutrophication caused by high nutrient levels with effluent 
wastewater, nutrient standards have become increasingly stringent, with limits as low as 1.5 to 
3 mg/L, and 0.07 mg/L, for total nitrogen (TN), and total phosphorus (TP), respectively 
(Oleszkiewicz & Barnard, 2006). Considering carbon limitation in the influent wastewater 
(Shen & Zhou, 2016), meeting the stringent standards requires municipalities to find 
environmentally sustainable and cost-effective carbon sources to enhance biological nutrient 
removal processes. Production of readily biodegradable carbon under acidogenic fermentation 
has been proven as an alternative to commercially synthesized chemicals (Lee et al., 2014). 
Volatile fatty acids are excellent, and cost-effective carbon sources for both denitrification and 
phosphorus removal in wastewater treatment.  The first use of a dedicated side-stream primary 
sludge fermentation for onsite VFA production was in Kelowna water pollution control center 
in B.C., Canada in the late 1970s (Barnard, 1994). Consequently, primary sludge fermenters 
have been used in several BNR plants in Canada, USA, Europe, South Africa, Australia, and 
New Zealand during the last 30 years (Rabinowitz et al., 2014). During anaerobic degradation, 
a variety of organic compounds such as carbohydrates, proteins, and lipids are broken down 
into simple molecules and consequently are converted to a mixture of volatile and medium 
chain carboxylic acids including acetic, propionic, butyric, valeric or caproic acid (Jankowska 
et al., 2018). However, conversion of initial COD to VFA during fermentation process is not 
very efficient (Banister & Pretorius, 1998), and effective pretreatment techniques are applied 
to increase the hydrolysis rate and enhance the overall efficiency of the process. Additionally 
large quantities of nitrogen and phosphorus are released to the liquid phase by sludge 
decomposition during the anaerobic fermentation (Ma et al., 2018) which needs to be managed. 
Pretreatment techniques, decoupling biological reactors as in two-stage digestion, dual 
aerobic-anaerobic digestion, and integrated fermentation-digestion processes can be utilized to 
enhance the performance of single stage anaerobic digestion processes. Specifically to this 
study, integrated fermentation, and anaerobic digestion of residual biosolids, have been shown 
to be effective in simultaneously recovering VFAs, and biomethane under anaerobic treatment 
of sludge (Bahreini et al., 2020).  
Despite the demonstrated technical feasibility of fermentation, it needs to be emphasized that 
most technologies still remain in the laboratories and are required to also be evaluated at full 





full-scale studies need to be conducted to cover the knowledge gaps in the areas including 
optimization of the processes including sludge handling and treatment, process modeling, 
resource recovery, and their potential applications. 
1.2 Research objectives 
The overall goal of this PhD thesis is to investigate strategies for enhancement of fermentation 
of the wastewater biosolids to supply and study the impacts of readily biodegradable carbon 
source to the biological nutrient removal process. The specific objectives are outlined below:  
1-To investigate the fate and degradability of cellulose in the lab, pilot and full-scale research 
(under aerobic, and anaerobic conditions), within specific unit processes as well as its fate in 
selected plants` configuration; i.e. with primary settling and rotating belt filtration options, and 
without any primary treatment. 
2-To study and compare the impact of biological (enzymatic), physical (mixing), and chemical 
(acidic, and alkali) pretreatment on two sludge types (RBF, and primary sludge (PS)) under 
different operational  (SRT, temperature) conditions and  develop a regression model to predict 
VFA and SCOD yields under different conditions. 
3- To evaluate the integrated fermentation, and anaerobic digestion process with VFA and 
biogas recovery and compare it with single stage digestion of sludges. To further investigate 
the techno-economic aspects of the process and feasibility of the application at full-scale under 
selected operation scenarios. 
4- To further assess the impact of primary treatment options (primary clarification, RBF, and 
no primary treatment) on the enhancement of biological nutrient removal processes using 
sludge fermentation liquid as carbon source. 
It should also be mentioned that primary sludge referred in the entire thesis and the samples 
used in this research were often (unless otherwise mentioned) collected from the plant were 






1.3 Thesis organization 
Chapter 1 provides a brief overview and motivation behind this PhD thesis. It briefly 
summarizes the most relevant background, emphasizes the need for this research and discusses 
the structure of the thesis.  
In chapter 2, a comprehensive literature review of fermentation, anaerobic digestion, and 
biological nutrient removal is presented. It discusses pertinent biosolids characteristics and 
fundamentals of anaerobic fermentation/digestion. It also outlines the current knowledge gaps 
and scope of further research.  
Chapter 3 is a published research paper entitled “Fate of Cellulose in Primary and Secondary 
Treatment at Municipal Water Resource Recovery Facilities”. The aim of this study was to 
track the fate of cellulose in primary and secondary treatment processes under representative, 
full-scale conditions as well as controlled sequential batch reactor (SBR) experiment. This 
study was also motivated by the discrepancy in cellulose biodegradation efficiency and the 
previous lack of valid analytical methods for cellulose quantification in wastewater and sludge, 
which is now available (Gupta et al., 2018).  
Chapter 4 is also a published research article entitled “Enzymatic pre-treatment for 
enhancement of primary sludge fermentation”. This study investigated the interrelated impact 
of cellulase enzyme, temperature, and SRT on the enhancement of fermentation of primary 
and RBF sludges. Enzymatic enhancement was examined using three different doses of 
enzyme. Finally, specific denitrification rates (SDNRs) of the fermentates were measured 
experimentally and compared to the commonly used external carbon sources. 
Chapter 5 is a published paper, entitled “Integrated fermentation and anaerobic digestion of 
primary sludges for simultaneous resource and energy recovery“. In this research an integrated 
process consisting of fermentation with VFA recovery combined with subsequent anaerobic 
digestion of residual solids for the two sludges (i.e. primary and RBF) was considered to study 
the impact of fermentation control parameters (SRT and pH). Fermentation was conducted in 
semi-continuous mode at mesophilic temperature and under different hydraulic retention time 





also introduced to quantify the dewaterability of fermented sludge and to estimate sludge 
reduction and handling cost in techno-economic analysis. 
Chapter 6 is a research paper entitled “Enhanced biological nutrient removal processes using 
primary and RBF sludge fermentates as carbon source “. This work investigated and compared 
the performance of the two parallel SBRs; one fed with primary effluent, and the other one 
with RBF effluent. The reactors were additionally supplied with their respective sludge 
fermented liquid as carbon source to enhance nitrogen and phosphorus removal efficiencies. 
Both systems were operated at different phases with and without carbon supplementation to 
evaluate and compare their performance and to compare them against control (unenhanced) 
conditions. 
Chapter 7 summarizes major knowledge contributions as an outcome of this research. It also 
includes some recommendations for future research. 
1.4 Thesis format 
This thesis has been prepared in the integrated-article format according to the specifications 
provided by the School of Graduate and Postdoctoral Studies located at the Western University. 
Chapter 3 of this thesis has been published in Water Environment Research. Chapter 4 of this 
thesis has been published in Bioresource Technology. Chapter 5 of this thesis has been 
published in Waste Management. Chapter 6 is under preparation for submission to Journal of 
the Total Environment. Each chapter includes its own introduction and references. As far as 






1.5 References  
Appels, L., Baeyens, J., Degrève, J., & Dewil, R. (2008). Principles and potential of the 
anaerobic digestion of waste-activated sludge. Progress in Energy and Combustion 
Science, 34(6), 755–781. https://doi.org/10.1016/j.pecs.2008.06.002 
Atelge, M. R., Krisa, D., Kumar, G., Eskicioglu, C., Nguyen, D. D., Chang, S. W., Atabani, 
A. E., Al-Muhtaseb, A. H., & Unalan, S. (2020). Biogas Production from Organic 
Waste: Recent Progress and Perspectives. Waste and Biomass Valorization, 11(3), 
1019–1040. https://doi.org/10.1007/s12649-018-00546-0 
Bahreini, G., Elbeshbishy, E., Jimenez, J., Santoro, D., & Nakhla, G. (2020). Integrated 
fermentation and anaerobic digestion of primary sludges for simultaneous resource 
and energy recovery: Impact of volatile fatty acids recovery. Waste Management, 
118, 341–349. https://doi.org/10.1016/j.wasman.2020.08.051 
Banister, S. S., & Pretorius, W. A. (1998). Optimisation of primary sludge acidogenic 
fermentation for biological nutrient removal. WATER S. A., 24(1), 35–42. 
Brown, S., Beecher, N., & Carpenter, A. (2010). Calculator Tool for Determining 
Greenhouse Gas Emissions for Biosolids Processing and End Use | Environmental 
Science & Technology. Environ. Sci. Technol., 44(24), 9509–9515. 
Diaz-Elsayed, N., Rezaei, N., Guo, T., Mohebbi, S., & Zhang, Q. (2019). Wastewater-based 
resource recovery technologies across scale: A review. Resources, Conservation and 
Recycling, 145, 94–112. https://doi.org/10.1016/j.resconrec.2018.12.035 
EPA. (2017). EPA: Inventory of U.S. Greenhouse Gas Emissions and Sinks 1990–2015. 
Environmental Protection Agency. 
Foladori, P., Andreottola, G., & Ziglio, G. (2010). Sludge Reduction Technologies in 
Wastewater Treatment Plants. IWA Publishing. 
https://library.oapen.org/handle/20.500.12657/24365 
Guest, J. S., Skerlos, S. J., Barnard, J. L., Beck, M. B., Daigger, G. T., Hilger, H., & 
Mihelcic, J. R. (2009). A New Planning and Design Paradigm to Achieve Sustainable 
Resource Recovery from Wastewater | Environmental Science & Technology. Sci. 
Technol., 43(16), 6126–6130. 
Gupta, M., Ho, D., Santoro, D., Torfs, E., Doucet, J., Vanrolleghem, P. A., & Nakhla, G. 
(2018). Experimental assessment and validation of quantification methods for 
cellulose content in municipal wastewater and sludge. Environmental Science and 
Pollution Research. https://doi.org/10.1007/s11356-018-1807-7 
Jagadevan, S., Banerjee, A., Banerjee, C., Guria, C., Tiwari, R., Baweja, M., & Shukla, P. 
(2018). Recent developments in synthetic biology and metabolic engineering in 
microalgae towards biofuel production. Biotechnology for Biofuels, 11(1). 
https://doi.org/10.1186/s13068-018-1181-1 
Jankowska, E., Duber, A., Chwialkowska, J., Stodolny, M., & Oleskowicz-Popiel, P. (2018). 
Conversion of organic waste into volatile fatty acids – The influence of process 






Kaur, R., Tyagi, R. D., & Zhang, X. (2020). Review on pulp and paper activated sludge 
pretreatment, inhibitory effects and detoxification strategies for biovalorization. 
Environmental Research, 182, 109094. https://doi.org/10.1016/j.envres.2019.109094 
Lee, W. S., Chua, A. S. M., Yeoh, H. K., & Ngoh, G. C. (2014). A review of the production 
and applications of waste-derived volatile fatty acids. Chemical Engineering Journal, 
235, 83–99. https://doi.org/10.1016/j.cej.2013.09.002 
Luo, K., Pang, Y., Yang, Q., Wang, D., Li, X., Lei, M., & Huang, Q. (2019). A critical 
review of volatile fatty acids produced from waste activated sludge: Enhanced 
strategies and its applications. Environmental Science and Pollution Research, 
26(14), 13984–13998. https://doi.org/10.1007/s11356-019-04798-8 
Ma, H., Guo, Y., Qin, Y., & Li, Y.-Y. (2018). Nutrient recovery technologies integrated with 
energy recovery by waste biomass anaerobic digestion. Bioresource Technology, 269, 
520–531. https://doi.org/10.1016/j.biortech.2018.08.114 
Oleszkiewicz, J. A., & Barnard, J. L. (2006). Nutrient Removal Technology in North 
America and the European Union: A Review. Water Quality Research Journal, 41(4), 
449–462. https://doi.org/10.2166/wqrj.2006.048 
Preisner, M., Neverova-Dziopak, E., & Kowalewski, Z. (2020). Analysis of eutrophication 
potential of municipal wastewater. Water Science and Technology, 81(9), 1994–2003. 
https://doi.org/10.2166/wst.2020.254 
Qian, L., Wang, S., Xu, D., Guo, Y., Tang, X., & Wang, L. (2016). Treatment of municipal 
sewage sludge in supercritical water: A review. Water Research, 89, 118–131. 
https://doi.org/10.1016/j.watres.2015.11.047 
Shen, N., & Zhou, Y. (2016). Enhanced biological phosphorus removal with different carbon 
sources. Applied Microbiology and Biotechnology, 100(11), 4735–4745. 
https://doi.org/10.1007/s00253-016-7518-4 
Zhen, G., Lu, X., Kato, H., Zhao, Y., & Li, Y.-Y. (2017). Overview of pretreatment 
strategies for enhancing sewage sludge disintegration and subsequent anaerobic 
digestion: Current advances, full-scale application and future perspectives. Renewable 











Chapter 2  
2 Literature review 
2.1 Background 
The Paris Climate Treaty implies the coming of a new era towards low-carbon operation 
or even carbon neutrality and energy optimization in wastewater treatment plants (Wei et al., 
2018). Emerging roadmaps of energy self-sufficient wastewater treatment plants rely on the 
development of sustainable products and processes. This strategy particularly aims at zero 
emission and reduction of the impact of the processes on global warming, necessitating 
increase in efficient energy production as well as finding alternative sources of energy with 
lower greenhouse-gas production (Ramage, 2009). The anaerobic digestion (AD) process, one 
of the most commonly used biosolids stabilization methods (Wang et al., 2017), offers 
significant advantages among the biological wastewater treatment processes such as 
production of less sludge, generation of useful products and lowering energy consumption as 
well as minimizing the space requirements (Demirel & Yenigün, 2002). However, despite the 
maturity of the anaerobic digestion, its implementation sometimes need motivation by 
providing proper economic subsidies to achieve economic effectiveness over  natural gas 
(Kleerebezem et al., 2015). One way to optimize the organic waste processing system, is by 
transforming anaerobic digestion from a biogas-oriented process into a system that can 
generate more valuable products such as volatile fatty acids to optimize recovery of the 
resources (Garcia-Aguirre et al., 2017). This transition allows simultaneous minimization of 
waste and generation of more value-added products (Lee et al., 2014). This also facilitates the 
replacement of a great portion of commercial carbon sources needed for biological nutrient 
removal process by providing internal carbon (Ucisik & Henze, 2008). Literature studies show 
an increasing trend of excess sludge production worldwide in recent years which is forecasted 
to be intensified sharply in the future due to the growth in population and connection to the 
sewage networks, building of new WWTPs, and upgrading of the existing plants to meet the 
more stringent effluent standards (Appels et al., 2008; Liu et al., 2018; Wang et al., 2017). On 
the other hand, due to the increasing operational costs of WWTPs as a result of the need for 
external carbon sources, VFA-rich fermentates recently attracted attraction to improve nitrogen 





Therefore, innovative techniques focusing on optimization of the fermentation, and 
maximizing the organic acids recovery from wastewater biosolids, have been receiving 
significant research attention, these years (Kleerebezem et al., 2015). 
The resource recovery network is widely recognized now as a more enlightened waste 
management approach, compared to conventional treatment-based approach; considering the 
wide range of the recoverable resources existing in the wastewater such as water, fertilizers, 
and energy among others (Bae et al., 2014; El-Khateeb et al., 2009; Foresti et al., 2006; 
Kujawa-Roeleveld & Zeeman, 2006; McCarty et al., 2011).  
2.2 Biosolids in the wastewater treatment 
Wastewater is composed of above 99% water which is a mixture of domestic and industrial 
wastes (Demirbas et al., 2017), and also contains a wide range of particles and solid materials 
composed of floatable, settleable, colloidal, and soluble fractions. Reducing suspended solids 
has always been one of the main goals of the municipal wastewater treatment for many years. 
The trend has recently been increasingly shifted towards improving the means of solids 
residues disposal from WWTPs (Sonune & Ghate, 2004). Typically about 60% of the 
suspended solids in municipal wastewater samples are settleable (Metcalf and Eddy, 2014). 
The interrelationship of solids in wastewater is illustrated in Fig.2.1. Suspended solids are 
referred to the portion of total solids retained on a 1.2 µm filter paper, while dissolved solids 
contain particulate and colloidal (0.001 to 1.2 µm) as well as soluble dissolved solids 






Figure 2.1.  Classification of solids in wastewater (Metcalf and Eddy, 2014) 
Wastewater is treated via different physical, chemical, and biological methods utilized in a 
variety of systems classified as primary, secondary, and tertiary treatments depending on 
desired level of contaminants removal and legislated limits (Manara & Zabaniotou, 2012). 
Bisolids is a by-product of wastewater treatment which needs further processing to reduce 
water content, stabilize organic matter, and disinfect for safe disposal. There are two main 
sources of the wastewater biosolids produced in wastewater treatment plants: primary sludge, 
which is generated from gravity settling (or other methods), and secondary sludge from 
biological treatment (biological sludge). Additionally, some plants may generate tertiary 







Figure 2.2. Typical biological wastewater treatment flow chart; sludge generating units; 
Reprinted with permission from Manara & Zabaniotou, copyright (2012), Elsevier. 
Type of the process (source of the sludge), as well as wastewater origin, significantly impact 
the biosolids characteristics and organic contents (Table 2.1). Primary sludge, containing solids 
material and floating grease, often has greater volatile solids content and lower nutrients level 
compared to the secondary biological sludge (Gherghel et al., 2019). The soluble COD 
concentration of primary sludge (222 mg SCOD/ g VSS) was reported significantly higher than 
that of waste activated sludge (WAS) (49 mg SCOD/g VSS) under the same conditions (Yuan 
et al., 2010). 
Table 2.1. Characteristics of municipal primary& secondary sludges, Adapted with 
permission from Chen et al., copyright (2002), Elsevier 
Parameter Primary sludge Secondary sludge 
Total solids (TS) (%) 3.0-7.0 0.5-2.0 
Volatile solids (% of TS) 60-80 50-60 
Nitrogen (N, % of TS) 1.5-4 2.4-5.0 
Phosphorus (P2O5, % of TS) 0.8-2.8 0.5-0.7 
Potash (K2O, % of TS) 23,000-30,000 18,500-23,000 





As shown in Fig. 2.3, compared to secondary sludge, primary sludge has a higher level of 
lipids, and fibers; but lower protein and phosphorus contents. Barber et al. (2014), using an 
extensive data analysis approach, proposed the following molecular formula for the primary 
and secondary sludges: 
Primary sludge C23H35O8N       (C : H : O : N= 61 : 8 : 28 : 3) 
Secondary sludge C7H11O3N    (C : H : O : N= 53 : 7 : 31 : 9) 
 
Figure 2.3. Typical composition of primary (black), and secondary (grey) sludges; 
Reprinted with permission from Barber et al., copyright (2014), Wiley Online Library. 
2.3 Cellulose in wastewater 
 Origin, and fate  
Cellulose, in combination with hemicellulose and lignin, accounts for almost 40% of the 
organic matter entering wastewater treatment plants (Ahmed et al., 2019). Therefore, cellulose 
is considered as one of the major components of the influent to the wastewater treatment plants 
(Verachtert et al., 1982). Cellulolytic microorganisms, in combination with non-cellulolytic 
species, can achieve complete degradation of cellulose, releasing carbon dioxide and water 
under aerobic; and carbon dioxide, methane and water under anaerobic conditions (Nils Edberg 





on cellulose degradation especially tracking of cellulose at full-scale plants under different 
treatment conditions. Hurwitz et al. (1961) studied the aerobic degradation of cellulose in the 
lab and reported that after 72 hours, only 6.7% of the cellulose was degraded at 12 to 13 oC, 
compared with 87% at 23 oC. Edberg and Hofsten (1975) studied the cellulose degradation 
under anaerobic conditions using nylon bags, and reported 70% biodegradation in 30 days. In 
a similar study, nylon bags were used to determine cellulose degradation under aerobic and 
anaerobic conditions showing that 50% of the cellulose was degraded aerobically while 60% 
was degraded anaerobically (Verachtert et al., 1982). Aerobic biodegradation of tissue paper 
was examined by Alvarez et al. (2009) which showed a biodegradation rate of 50%. Ghasimi 
et al. (2016) showed that anaerobic biodegradation rates of the cellulose-rich sieved sludge 
(fine mesh <0.35 mm) were 57% and 62% under mesophilic and thermophilic conditions, 
respectively. 
 Quantification and analysis methods 
To quantify cellulose content in the wastewater samples, several methods have been 
developed. Hurwitz et al. (1961) determined the cellulose content in the wastewater biosolids 
gravimetrically using the Schweitzer reagent (copper ammonium hydroxide) as a solvent for 
cellulose. The method had originally been invented by Waksman, and Heukelekian to 
determine cellulose content in soils (Waksman & Heukelekian, 1924).  
Using the Schweitzer gravimetric method, Hurwitz et al. (1961) showed that cellulose content 
varied 4.5% to 13.5% in the raw wastewater; and between 2% to 10% in the settled sludge. 
The cellulose content of the waste activated sludge (WAS) ranged between 1% in summer, 
increasing to 3.55% in winter, suggesting a higher biodegradation rate during the summer 
period, reflecting that temperature is a significant factor limiting cellulose degradation. Using 
the phenol-sulphuric acid method, Honda et al. (2000) analyzed the cellulose profiles in 11 
treatment plants.  The cellulose content in the raw wastewater and primary sludge were 17%, 
and 7% of the TSS for separate sewer systems, respectively. Corresponding values for 
combined sewer systems, were 2.4%, and 11% of the TSS, respectively. The findings of Honda 
et al. (2000) show that cellulose is not as settleable as other solids in the primary clarifier. The 
cellulose content in the biological biosolids was reported less than 1% of the TSS in both cases, 





The cellulose content of sludges from the rotating belt filter, a primary treatment technology 
using micro screening, was examined microscopically by Ruiken et al. (2013) who showed 
that cellulose content in the sieved sludge were 79% of the total solids mass and between 25% 
to 32% in the primary clarification sludge.  
Most recently, Gupta et al. (2018) showed that the Schweitzer method is a reliable and accurate 
technique for measuring cellulose content in municipal wastewater and biosolids, as despite 
some other techniques. This method does not rely on the hydrolysis of cellulose into glucose 
which requires a long time and also shows a temperature-dependent conversion efficiency, 
reliability, and reproducibility but uses Schweitzer reagent as a solvent for the cellulose (Gupta 
et al., 2018). 
 Cellulose in primary sludge  
Based on its significant content, cellulose is an important element for recovering VFAs from 
wastewater biosolids. Originating from the use of toilet papers, cellulose forms a significant 
fraction of organics in the influent to the municipal wastewater treatment plants (Reijken et al., 
2018), at approximately 30%-50% of the total suspended solids (Ghasimi et al., 2015). 
Considering the slowly biodegradability of cellulose, when passed on to the aeration tanks, it 
contributes to high solids concentrations, and consequently high aeration energy demand. 
Therefore, it has been proposed that cellulose is effectively removed early in the process within 
primary sludges and is diverted to the biosolids processing units including anaerobic 
fermentation and digestion. As mentioned, in addition to conventional primary treatment 
options such as primary settling tank, emerging technologies such as dynamic sieving 
techniques including RBF technology may also be used as primary treatment to enhance 
cellulose retention efficiency. RBF selectively captures cellulose fibers and produces a more 
cellulosic-rich primary sludge (Ruiken et al., 2013) with a removal efficiency of up to 80% of 
the TSS (Chakraborty, 2015; Franchi et al., 2015). Regardless of which primary treatment 
option is used, the diversion of cellulose from the aerobic biological treatment unit, as 
mentioned, not only improves aeration energy but also can directly facilitate cellulose recovery 
as a resource for different industries such as biofuel, and additives in building materials and 
asphalt (Boztaz, 2017; Honda et al., 2000) or to generate VFAs (Crutchik et al., 2018) and 





2.4 Anaerobic fermentation and digestion processes 
Among the oldest processes used for the stabilization of biosolids in the wastewater treatment 
industry, anaerobic digestion continues to be the most dominant process, due to the emphasis 
on energy conservation and recovery and the increasing demand to use benefits from 
wastewater biosolids (Metcalf and Eddy, 2014). In Ontario, only 65% of the plants were found 
to have facilities to stabilize biosolids, with aerobic digestion being the most dominant option 
(52.4% of the plants), followed by anaerobic digestion (40%) (Jin et al., 2018). The process 
involves decomposition of the organic (and some inorganic) matters in the absence of 
molecular oxygen and is fundamentally well established in many of the literature studies. 
Anaerobic digestion, transforms the organic solids in the sludge to biogas under the anaerobic 
condition (Eq. 2.1). Biogas produced in the process, has a calorific value of 13-21 MJ/kg, 
consisting of 60%-70% methane, and 30%-40% CO2 (Samolada & Zabaniotou, 2012) as well 
as some other components such as hydrogen, hydrogen sulfide and ammonia, at low or trace 
levels, respectively (Demirbas et al., 2016). 
𝐶𝑐𝐻ℎ𝑂𝑜𝑁𝑛𝑆𝑠 + 𝑦𝐻2𝑂 → 𝑥𝐶𝐻4 + 𝑛𝑁𝐻3 + 𝑥𝐻2𝑆 + (𝑐 − 𝑥)𝐶𝑂2                                                  (2.1) 
Where, X=1/8 (4c+h-20-3n-2s), and Y=1/4 (4c+h-20+3n+3s). 
Anaerobic digestion consists of four steps: hydrolysis, acidogenesis, acetogenesis and 
methanogenesis (Zhou et al., 2018). The production of VFA from waste, also known as 
acidogenic fermentation (Bengtsson et al., 2008) or dark fermentation (DF) (Su et al., 2009), 
involves all steps except methanogenesis. The carbonaceous products of such a process are 
either acetate and hydrogen or intermediate products such as butyrate, and propionate which 
then can be converted to acetate and hydrogen (Demirel & Scherer, 2008). VFA are short-
chain fatty acids consisting of six or fewer carbon atoms which can be distilled at atmospheric 
pressure and temperature of 260°C to 316°C (APHA, 1992; Cermak et al., 2012). Two main 
microbial communities are involved in the anaerobic digestion process: bacteria, and archaea 
(Demirel & Scherer, 2008). Stable operation of anaerobic digestion process relies on the 
performance of four major microbial groups which are hydrolytic-fermentative bacteria, proton 
reducing acetogenic bacteria, hydrogenotrophic methanogens and aceticlastic methanogens 
(Zinder et al., 1984). Anaerobic generation of VFAs is processed through a series of 





bacteria ferment the hydrolysate monomers to acetate, propionate, butyrate, alcohols, H2, CO2 
and other solvents. Then, propionate, butyrate, alcohols and CO2 are further converted to 
acetate through proton reducing acetogenic pathways or homoacetogenic pathway (Stams et 
al., 2006). Compared to methane produced by anaerobic biosolids digestion, VFAs are 
economically more valuable with a variety of industrial applications including enhancement 
of biological nutrient in the wastewater treatment plants (Lee et al., 2014; Zhang et al., 2013). 
As an effective treatment and resource recovery technique commonly used for the sludge (Zhen 
et al., 2017), fermentation of primary sludge can be used to recover VFAs. These compounds 
are the optimum carbon source for BNR processes (Soares et al., 2010). The shortage of carbon 
in the influent of the wastewater treatment plants results in compromised nitrogen and 
phosphorus removal efficiencies. Therefore, there is an increasing trend worldwide to find the 
best alternatives for additional carbon supplementation to the influent of many wastewater 
treatment plants to meet stringent regulatory effluent nutrient levels. Finding sustainable and 
low-cost carbon source options, seems necessary especially considering the increasing price of 
available commercial carbon sources (Longo et al., 2015). The conversion process includes 
hydrolyzing mostly complex polymeric substances such as carbohydrates, proteins, and fats to 
simpler soluble products such as amino acids, sugars, fatty acids and glycerin by the action of 
extracellular enzymes excreted by the fermentative bacteria (Stazi & Tomei, 2018).  
 Metabolic pathways and products 
Removing organic and inorganic solids by the physical processes such as sedimentation, 
flotation, and filtration is the basic function of primary treatment. Roughly 25%-50% of the 
incoming biochemical oxygen demand (BOD), and 50%-70% of the total suspended solids in 
addition to some organic nitrogen, organic phosphorus, and heavy metals associated with 
solids are also removed during this process (Sonune & Ghate, 2004). A large number of 
carbonaceous organic matters (organic debris), reported to be present in the excess primary 
sludge, were potentially fermentable to VFAs (Wu et al., 2009). Carbohydrates, proteins, and 
lipids are among the main components, representing roughly 90% of the total COD in the 
primary sludge (Miron et al., 2000). For instance, in series of primary sludge samples collected 
from the wastewater treatment plant of Ede, the Netherlands, these fractions were 10400±250, 
4900±70, and 5300±380 mg COD/L for carbohydrates, proteins and lipids, respectively, 





comparable with the values reported by Elefsiniotis and Oldham (1994), for the primary sludge 
samples collected at the Iona island wastewater treatment plant, located in British Columbia, 
Canada. The corresponding fractions, (being converted to the same units considering different 
TS), were 9100±1200, 4700±500, and 7400±700 mg COD/L for carbohydrates, proteins and 
lipids, respectively. Particulate biopolymers (carbohydrates, proteins, and lipids) are primarily 
hydrolyzed to organic monomers during anaerobic digestion process, which can further be 
utilized as substrates and degraded either into amino acids, and sugars by fermentative 
organisms, or fatty acids by anaerobic oxidizers (Demirel & Scherer, 2008). Carbohydrates are 
shown to easily and rapidly be convertible to simple sugars which subsequently can be 
fermented to volatile fatty acids (Cohen et al., 1980). Proteins are hydrolyzed to amino acids 
and further degraded to VFAs either through anaerobic oxidation linked to hydrogen 
production or via fermentation according to the Stickland reaction (McInerny, 1988). Among 
the lipids, triglycerides are hydrolyzed to long chain fatty acids (LCFA) and further oxidized 
to acetate or propionate (Miron et al., 2000). It was suggested that hydrolysis of carbohydrates 
and protein in the fermentation of primary sludges under mesophilic condition can satisfactory 
be modeled by expressing them in terms of COD equivalent for the acid phase, and 
approximating their hydrolysis by first order kinetics with respect to degradable particulates 
(Eastman & Ferguson, 1981). However, it was assumed that lipids are non-degradable during 
the acid phase but can be fermented concurrently with the volatile acids in the methanogenic 
stage. Miron et al. (2000) showed that although about 40% of the lipids in the influent primary 
sludge were in the form of LCFA, i.e. already hydrolyzed; no acidification of the lipids was 
observed below a solids retention time of 8 days. They also concluded that lipids, proteins, and 
carbohydrates hydrolysis did not follow the first order kinetics in the digestion of primary 
sludge at 25 oC with the strongest increase in hydrolysis and acidification of total COD, 
occurring at an SRT of 3 days. This conclusion was shown by a poor correlation observed 
(R2<0.78), calculating the hydrolysis constant of lipids and carbohydrates. This was 
inconsistent with the study of Eastman and Ferguson (1981), which indicates a first order 
kinetics for the hydrolysis of complex heterogeneous substrates such as primary sludge. 
Nevertheless, it was shown that hydrolysis is the rate limiting steps for conversion of 
carbohydrates, proteins, and lipids (Miron et al., 2000). For proteins and carbohydrates as the 





al. (2009), summarized the metabolic pathways which is illustrated in Fig. 2.4. The Figure 
assays only the key enzymes and pathways for organic acids production. However, this Figure 
also illustrates that type of organic compound as well as operational conditions, impact the 
metabolic pathway and result in a different composition of components in the final product. 
Additionally, as a complex system, different microorganisms, enzymes and chemical 
conversions are involved in the process and it may not be possible to control a specific pathway 
as dominant route for VFA production especially from the complex organic waste during dark 
fermentation process.  
 
Figure 2.4. Proposed metabolic pathways for organic acids production; Reprinted with 
permission from Feng et al., copyright (2009), American Chemical Society. 
  
To enhance the conversion efficiency during anaerobic fermentation, pre and post processing 
technologies may be applied which are based on a variety of physical, chemical, biological, 
mechanical or combined techniques (Le et al., 2016; Yan et al., 2010; Yu et al., 2008; Zhou et 
al., 2018). The technologies focusing on the enhancement of VFA production, can be classified 





acidogenic process; and 3) removing the inhibitory compounds such as accumulation of VFAs 
(Pind et al., 2003). 
 
Figure 2.5. The strategies to enhance VFAs production; Adapted with permission from 
Zhou et al., copyright (2018), Elsevier.  
 Hydrolysis formulation and kinetics of fermentation  
The hydrolysis and acidogenesis steps of fermentation are depicted in Eq. 2.2 (Lin & Li, 2018). 
𝑃𝐶𝑂𝐷
ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠
→       𝑆𝐶𝑂𝐷
𝑎𝑐𝑖𝑑𝑜𝑔𝑒𝑛𝑒𝑠𝑖𝑠
→         𝑉𝐹𝐴𝑠                                                                         (2.2) 
The organic materials consisting of proteins, polysaccharides, and long chain fatty acids are 
hydrolyzed by hydrolytic bacteria into amino acids, simple sugars, and fatty acids (Singhania 
et al., 2013). Rates of anaerobic hydrolysis have been modelled in the literature using different 
approaches i.e. first order, specific first order, Monod, and surface reaction kinetics models. 
Ferreiro & Soto (2003), reported first order hydrolysis constants of 0.038, 0.095, and 0.169     
d-1, for primary sludge fermentation at 10, 20, and 35 oC, respectively. 
2.4.2.1 First order kinetics 
In the kinetics approach, hydrolysis is considered as a first order process with respect to 
particulate organic matters as presented in Eq. 2.3 (Ristow et al., 2005), and 2.4 (Lin et al., 
2015). 









                                                                          (2.4) 
Where, 𝑟𝑎𝑡𝑒ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠 is the rate of change in the concentration of particulate substrate due to 
conversion to the soluble material (mg/L.d); Υ𝐻, 𝐶𝑃,𝑡 and 𝐾𝐻, are particulate organics 
dissolution rate (mg/L d), particulate organics concentration (mg/L), and first-order specific 
rate constant (d-1), respectively. By integrating Eq. 2.4, assuming t is the time needed for the 
maximum release rate for particulate organics (L. Lin & Li, 2018):  
 𝑙𝑛𝐶𝑃,𝑡 = 𝑙𝑛𝐶𝑃,0 − 𝐾𝐻𝑡                                                                           (2.5) 
Under steady state conditions, operating a semi-continuous completely-mixed reactor, three 
types of organisms are involved in biodegrading COD: acidogens (Xad), acetoclastic 
methanogens (Xam), and hydrogenotropic methanogens (Xhm). Neglecting the last group, a mass 
balance equation can be used to describe the biodegradable particulate COD (Ristow et al., 
2005).   
dPCODe.V=Q.PCODi.dt-Q.PCODe-V.rate hydrolysis.dt+V.bad.Xad.dt+V.bamXam.dt             (2.6) 
Where Q is the volumetric flow rate (L/d), V is the reactor volume (L) and b represents the 






− 𝑘𝐻. 𝑃𝐶𝑂𝐷𝑒 + 𝑏𝑎𝑑. 𝑍𝑋𝑎𝑑 + 𝑏𝑎𝑚. 𝑋𝑎𝑚 
                       (2.7) 
Or:              
𝑃𝐶𝑂𝐷𝑒 =
𝑃𝐶𝑂𝐷𝑖 + 𝑏𝑎𝑑𝑋𝑎𝑑𝜃 + 𝑏𝑎𝑚𝑋𝑎𝑚𝜃
1 + 𝑘𝐻𝜃
 
                              (2.8) 
Where, 𝜃 is the hydraulic retention time. Neglecting the biomass concentration, the particulate 






                                                                          (2.9) 
In which,  𝑃𝐶𝑂𝐷𝑒, and 𝑃𝐶𝑂𝐷𝑖 represent the PCOD concentrations in the effluent and influent, 
respectively. The specific rate constant of hydrolysis (𝑘𝐻) can then be determined from SCOD 










2.4.2.2 First order specific kinetics 
In this approach, rate of hydrolysis (𝑘′𝐻) is considered to be proportional to the product of the 
biodegradable particulate concentration (PCODe), and the acidogenic biomass concentration 
(Xad) (Ristow et al., 2005). 





                                                                               (2.12) 
2.4.2.3 Monod kinetics 
Although Monod equation has been extensively used to model bacterial growth, its application 
in the modeling of rate of hydrolysis was rarely found in the literature. The rate of hydrolysis 




                                             (2.13) 
Where 𝜇𝑚𝑎𝑥, 𝑌𝑎𝑑, and 𝐾𝑠 represent Monod maximum specific rate (d
-1), acidogens biomass 
yield constant (g COD/g COD), and half saturation constant (mg COD/L). 
2.4.2.4 Surface reaction kinetics 
Contois or surface reaction kinetics theory considers a number of active sites for the particulate 
organic substrate through which biological reaction occurs. Rate of hydrolysis in this case is a 
function of the number of bacteria attached to the active sites as described in the Eq. 2.14 











                                                        (2.14) 
Where kmax is the maximum specific rate constant for surface reaction (mg P/mg X.d). At 
steady state, the equation can be rearranged as shown in Eq. 2.15, which then can be solved as 
a second-order equation.  
𝑃𝐶𝑂𝐷𝑒
2 + (𝐾𝑆𝑋𝑎𝑑 + 𝑘𝑚𝑎𝑥𝑋𝑎𝑑𝜃 − 𝑁). 𝑃𝐶𝑂𝐷𝑒 − 𝑁𝐾𝑆𝑋𝑎𝑑 = 0          (2.15) 





𝑁 = 𝑃𝐶𝑂𝐷𝑖 + 𝑏𝑎𝑑𝑋𝑎𝑑𝜃 + 𝑏𝑎𝑚𝑋𝑎𝑚𝜃          (2.16) 
This equation shows hydrolysis as a function of the contact area of the particulate organic 
material and the biomass. 
 Acidogenic reactions 
There are different acidogenic metabolic pathways based on the distribution of the major 
soluble products which are classified as: 1) acetate-ethanol type, 2) propionate type, 3) butyrate 
type, 4) mixed acid, 5) lactate type, and 6) homoacetogenic fermentation pathway (Zhou et al., 
2018). When dealing with mixed cultures, Hawkes et al. (2007) proposed the following Eq. 
2.17 as the overall reaction where 4 moles of glucose produce 2 moles of acetic acid, 3 moles 
of butyrate and 10 moles of hydrogen: However, propionate-type metabolic pathway for 
instance, consumes 2 moles of hydrogen and 1 mole of glucose per two moles of propionate 
production (Eq. 2.18) (Zhou et al., 2018). 
4𝐶6𝐻12𝑂6 + 2𝐻2𝑂 → 3𝐶𝐻3𝐶𝐻2𝐶𝐻2𝐶𝑂𝑂𝐻 + 2𝐶𝐻3𝐶𝑂𝑂𝐻 + 8𝐶𝑂2 + 10𝐻2 
     (2.17) 
 
𝐶6𝐻12𝑂6 + 2𝐻2 → 2𝐶𝐻3𝐶𝐻2𝐶𝑂𝑂𝐻 + 2𝐻2𝑂 
     (2.18) 
 
The new logistic model developed by Fujikawa et al., (2004) to model bacterial growth at 
constant and dynamic temperatures, was used by some literature studies to describe the kinetics 
of the microbial growth during fermentation for hydrogen production (Mu et al., 2006; Wang 
& Wan, 2009). This model was further adopted by Lin & Li (2018) as shown in Eq. 2.21 to 







                                     (2.19) 
Where N, Nmax are the population (arithmetic) number of the organism at real time, and the 
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Where kVFA, CVAF and Cmax are the apparent rate constant (d
-1), VFA concentration at time t, 
and the maximum VFA concentration (mg/L).  
Some researchers also defined hydrolysis yield (ηh) as the ratio of SCOD in the leachate to the 
initial total oxygen demand (TCOD) of the substrate, and the acidification yield (ηa) as the 
ratio of the cumulative total VFA (g COD) and soluble COD in the leachate (Eq. 2.22 and 










                                      (2.23) 
Where TCOD is the initial total COD concentration (g/L) of the substrate; SCOD is the 
cumulative soluble COD concentration (g/L) in the leachate and VFA is the cumulative total 
VFA concentration (g COD/L). 
 
 Enhancement of the fermentation process 
Especially for wastes containing fats and a significant amount of particulate matter, the 
hydrolytic stage is the rate limiting step in the overall anaerobic digestion process (Khanal, 
2011; Tomei et al., 2008). To enhance the process, pretreatment of organic matter has been 
reconsidered since 1920`s as the effective technique to improve hydrolysis rate prior to 
anaerobic processes (Karthikeyan et al., 2018). Numerous efforts have already been devoted 
in the past decades to maximize the VFA production by exploring different types of wastes 
and regulating the operating conditions of the anaerobic reactors (Lee et al., 2014). However, 
the characteristics of the substrates and impacts on the subsequent bioprocess are also 
important factors and need to be taken into account when choosing a specific pretreatment 
option (Carrere et al., 2016; Raud et al., 2015).  
2.4.4.1 Improving the hydrolysis rate 
It is shown that anaerobic fermentation could only convert 18% -30% of the initial volatile 
suspended solids in the biosolids into soluble COD (Ubay-Cokgor et al., 2005), and a large 
quantity of organic solids are not hydrolyzed. Additionally, literature studies highlight 





unsatisfactory production of SCOD and VFAs (Pavlostathis & Giraldo‐Gomez, 1991); 
including some studies focusing on cellulose degradation (Noike et al., 1985). Generally, there 
are three main steps for hydrolysis of particle organics in the wastewater biosolids: 
disintegration, solubilization, and enzymatic hydrolysis (Vavilin et al., 2008). Pretreatment 
processes are expected to extensively improve degradability and hydrolysis of material being 
fed into reactors. This function is facilitated through the following approaches: 1) improve 
sugar yields for subsequent hydrolysis; 2) minimize the degradation or loss of carbohydrates; 
3) minimize the formation of inhibitory byproducts; and 4) improve cost effectiveness (Sun & 
Cheng, 2002). 
Considering complex microstructure of the sewage sludge which makes it difficult to 
hydrolyze, pretreatments are used before anaerobic process (Zhen et al., 2017). It is necessary 
to adopt suitable pre-treatment techniques and ideal operational conditions based on the 
composition of the fermentation substrate. This is a function of different physicochemical 
characteristics of the materials and impacts on processes including fermentation and digestion 
processes (Alvira et al., 2010). A multitude of different pretreatment technologies have been 
suggested in the past decades which can be classified into: a) physical, b) chemical c) biological 
and d) combined pretreatments (Yu et al., 2018).. 
a) Physical pretreatment: The objective of physical and mechanical pretreatments is reduction 
of particle size and crystallinity of lignocellulosic matter in order to increase the specific 
surface area and reduce the degree of polymerization (Alvira et al., 2010). Milling, 
chopping, and grinding, screw pressing, lysis centrifugation, liquid shear and collision, 
thermal, microwave, ultrasound and high-pressure homogenization methods can 
alternatively be grouped under this category of technologies. For instance, ultrasonic as a 
well-established method forms micro bubbles through which their violent collapse induces 
extreme temperature and pressure conditions. By combined hydro-mechanical shear forces 
and oxidizing impacts, it contributes to the biosolids disintegration and flocs break-up (Chu 
et al., 2002). A research conducted by Long & Bullard (2014), showed 15%-35% average 
increase in volatile solids destruction and biogas production using this technology in 20 full-
scale and 17 pilot-scale installations in Germany. Other mechanical methods also were used 
in different studies. Microwave irradiation was used as pretreatment of thickened sludge 





of primary sludge also was effective as pretreatment increasing the accumulation of acetate 
by 2.6 times compared to untreated biosolids (Ki et al., 2015).  High-pressure 
homogenization (HPH), was also evaluated in batch (Zhang et al., 2012) and full-scale 
(Onyeche, 2007) studies proving to be an effective pretreatment technique in digestion of 
primary (23 g TS/L), and thickened WAS (40 g TS/L) sludges, by improving biogas 
production up to 115%, and 30%, respectively.  
b) Chemical pretreatment: These methods rely on strong to mild chemical solvents to modify 
physio-chemical and biological properties of the materials and degrade crystalline structures 
(Champagne & Li, 2009). Acid pretreatment is known to be efficient to solubilize 
carbohydrates, while alkali pretreatment is efficient in solubilization of proteins and lignin 
as well as lipid saponification (Parthiba Karthikeyan et al., 2018). Some other studies also 
proposed alkaline pretreatment as a tool which causes structure swelling, hence increasing 
the internal surface area and decreasing the degree of polymerization (Fan et al., 1987; 
Prasad et al., 2007). Acids, on the other hand act primarily as catalyst for hydrolysis rather 
than as a pretreatment reagent, which accelerates the rate of solubilization relative to 
structural degradation, resulting in higher conversion yields (Lloyd & Wyman, 2005; Prasad 
et al., 2007). Acids such as H2SO4, HCl, H3PO4, and HNO3 are used in acidic hydrolysis, 
while in alkaline pretreatment, chemicals such as KOH, NaOH, CaO, Mg(OH)2, ammonia, 
and Ca(OH)2, are commonly used with effectiveness varying depending on the organic 
components (Zhen et al., 2017). In addition to the biosolids disintegration, alkali methods 
enhance downstream digestion by providing additional alkalinity as buffer capacity and 
stability for the digestion process. Ozonation with optimal doses of 0.05 to 0.5 g O3/g TS 
(Salihu & Alam, 2016), was also used for pretreatment of biosolids, however biosolids 
solubilization efficiency in this method is dose-dependent and correlates linearly with the 
injected mass of ozone (Bougrier et al., 2007). Fenton oxidation, and Fe (II)-activated 
persulfate oxidation have also been reported in the literature as effective chemical methods 
to pretreat biosolids.  
c) Biological pretreatment: Biological treatment includes a broad range of processes, aerobic 
or anaerobic, which aims at intensification of the process by enhancing the hydrolysis step 
as in an additional stage prior to the main digestion process (Carrère et al., 2010). Thermal 





has been shown to be effective in an increase of the organic solids destruction rate as a result 
of increased hydrolytic activity (Roberts et al., 1999). Temperature phased anaerobic 
digestion (TPAD) of primary sludge was shown to enhance the VS destruction at 2 days 
HRT and temperatures of 70°C, and 55°C by 55%, and 43%, respectively (Skiadas et al., 
2005). Aerobic treatment also was conducted in some studies as a pretreatment technique 
to degrade recalcitrant matter as well as materials that cannot be degraded under anaerobic 
condition.  For instance, an increase of 50% in biogas production was observed using a 
hyper-thermophilic aerobic reactor as the first stage of a combined aerobic-anaerobic 
digester (Hasegawa et al., 2000). Since lignocellulosic biomass are the most abundant 
organic sources with significant potential for renewable resource recovery (Zheng et al., 
2014), using oxidative and hydrolytic enzymes produced by the bacteria and fungi as 
pretreatment method is gaining more interests (Mtui, 2009). For instance, the enzymatic 
hydrolysis of cellulose is carried out by cellulase enzymes which include several enzymes 
capable of degrading cellulose. The enzymatic hydrolysis of cellulose takes place in three 
stages: 1) the adsorption of the cellulase enzyme complex onto the surface of cellulose 
structure; 2) the degradation of cellulose into mono sugars; and 3) the cellulase desorption 
(Champagne & Li, 2009). 
d) Combined pretreatment: This group of techniques consists of a sequence of the 
aforementioned methods such as combined physical (for example grinding) and chemical 
(acid or alkali methods, for instance) or thermal technologies. Various combined 
pretreatment methods have been developed to promote synergistic hydrolysis of the sewage 
biosolids. For instance, combined alkaline and ultrasonic pretreatments may result in a 
better disintegration of sewage biosolids. Theoretically, the microbial cell wall becomes 
weakened by alkaline effect, thus making it more vulnerable to the shear forces generated 
from ultrasonic pretreatment (Kim et al., 2010). In another case, combination of ozone and 
ultrasound pretreatments was effective since the decomposition of ozone into hydroxyl 
radicals was enhanced by ultrasound while micro bubbles of ozone helped to generate more 
acoustic cavitation by acting as a cavitation nuclei (Xu et al., 2010). They showed that 
combined ultrasonic-ozone pretreatment had a synergic impact as the soluble COD after 60 
minutes of combined pretreatment (3040 mg/L) which was 22% higher than that of 





2.4.4.2 Promoting the acidogenic phase 
The efficiency of VFAs production and quality of soluble products depends on critical factors 
such as characteristics of the substrate, inoculum, pH, temperature, organic loading rate (OLR), 
hydraulic retention time, operation modes and headspace gas pressure (Zhou et al., 2018). 
a) Substrate: VFAs production and composition is highly influenced by the characteristics of 
the substrate. For instance, it was shown that substrates with higher total kjeldahl nitrogen 
(TKN) promoted propionate yield in fermentation at mesophilic temperature (Min et al., 
2005). This indicates a higher propionate in proteinaceous fermentation, whereas in 
another research, WAS with a high protein content and low carbon to nitrogen mass of 
(C:N of 7:1) showed a limited amount of propionate in the final product. This was 
improved after C:N ratio was balanced to 20:1 by adding carbohydrate (rice) to the mixture 
(Feng et al., 2009). 
b) Inoculum: Hydrolytic bacteria, acidogenic bacteria, acetogens and methanogens are the 
main microbes involved in the AD process. To improve the production of VFAs, 
methanogens in the inoculum must be inhibited to reduce VFAs consuming pathways. 
Heat pretreatment, pH control and addition of inhibitors are some of the common options 
to inactivate the non-spore forming methanogens and improve the production of VFAs 
(Zhou et al., 2018).  Heating the inoculum at, or over 100oC (Yan et al., 2014), high pH 
control (Wang et al., 2014; Yuan et al., 2006), as well as addition of methanogens enzyme 
inhibitory compounds (Liu et al., 2011), are shown to be effective in promoting the 
acidogenic phase. 
c) pH: The pH inside the reactor is important for VFA production since most of the acidogens 
cannot survive in extremely hostile acidic (pH<3) or alkaline (pH>12) environments (Liu 
et al., 2012). This method also impacts the distribution of VFAs by changing the metabolic 
pathways in acidogenic fermentation (Zhou et al., 2018). The optimal pH for VFAs 
production should be favorable for mixed hydrolysis and acidogenic stages. Literature 
studies propose contradictory optimal pH values depending on a variety of conditions 
including type of the waste used, in the range of 5.25 to 11 (Lee et al., 2014). For instance, 
Zhang et al. (2010) proposed pH of 7.0 as the most suitable pH for VFA production for 
fermentation of kitchen wastes. However, most of the studies reported pH of 8-11 as the 





Mengmeng et al., 2009; Wu et al., 2009; Yu et al., 2013). VFA production from 
wastewater biosolids is conducted mostly under acidic conditions with reported optimum 
pH of 5.25 to 6. Yu & Fang (2003) reported the optimum pH of 5.9 for a synthesis gelatin-
based wastewater in an upflow anaerobic reactor.  Zhang et al. (2005) reported the highest 
solubilization of carbohydrate and protein (86% of TOC, and 82% of COD) and highest 
VFA concentration (36 g/L) at pH 7 among other pH conditions (i.e. 5, 9, and 11).  More 
specifically on the impact of pH on primary sludge fermentation, Wu et al. (2009) 
investigated the effect of pH in the range of 3.0-11.0 in a batch anaerobic fermentation of 
primary sludge experiment, conducted at room temperature. The SCOD was used as an 
indicator of biosolids hydrolysis and found that controlling the pH was beneficial in 
hydrolysis of the biosolids. They also found that alkaline pH was more efficient than acidic 
or neutral pH. Optimum pH and fermentation time were suggested at 10, and 5 days, 
respectively. In another study focusing on fermentation of bovine serum albumin (BSA) 
as the model protein, initial pH of 8 and fermentation time of 3 days were proposed as 
optimum conditions (Tepari et al., 2020). In their study, pH was adjusted only initially and 
was not controlled throughout the experiment.  Bahreini et al. (2020) reported 93%, and 
72% increase in the VFA yields by controlling pH at 9 compared to without controlling 
the pH conditions in semi-continuous RBF, and primary sludge fermentation experiment, 
respectively. Based on the literature studies, alkaline conditions generally favors the 
production of VFA from complex substrates including biosolids whereas neutral and 






Figure 2.6. Effect of pH on VSS of primary sludge fermentation; Reprinted with 
permission from Wu et al., copyright (2009), Elsevier.  
 
Similarly, Yuan et al. (2006) conducted a research to review the impact of pH on WAS batch 
fermentation under alkaline conditions using 9 identical 1.5 L reactors maintained each at a 
specific pH, ranged from 4.0 to 11.0, in addition to an uncontrolled pH reactor operated as the 
base line. The results showed a significant improvement in short chain fatty acids (SCFAs) 
production from excess biosolids which is maintained stable by controlling the pH at 10, and 
fermentation time of 10 days. Ahn & Speece (2006) conducted a research focusing on 
hydrolysis of primary sludge at different pHs (7.0, 9.0. and 11.0) and observed maximum 
SCFA accumulations of 202 mg COD/g VSS, and 261 mg COD/g VSS at the optimum pH of 







Figure 2.7. pH impact on SCFAs production  in WAS fermentation; Reprinted with 
permission from Yuan et al., copyright (2006), American Chemical Society. 
 
d) Temperature: Temperature affects not only the growth of microorganisms, but also the 
activities of enzymes and hydrolysis of particulate organic matters to soluble substances 
(Kim et al., 2003). The mesophilic temperature (35 oC) was proposed as the most efficient 
and economically favorable temperature for VFAs production from simulated food waste 
in a fermentation experiment conducted at pH 6, and selected temperatures. The VFA 
yields at 35, 45, and 55 oC, were reported to be 379, 440, and 137 mg/g VS, respectively, 
indicating a higher solubilization and lower acidification at high temperature (Jiang et al., 
2013). Taking into account the difference in VFA production and energy consumption to 
raise the temperature, the aforementioned authors proposed mesophilic temperature to be 
the optimum condition. However, there are some other research studies showing 
inconsistent findings, likely due to the presence of different microbial species in their 
works. For instance, while the study of Yu et al. (2013) showed no effect of temperature 
on the VFA production from membrane bioreactor (MBR) biosolids (VSS, and TCOD of 
7100, and 11600 mg/L, respectively) in the range of 45-70 oC, Zhou et al. (2012) reported 
40% less VFA concentration from WAS (VSS, and TCOD of 7500, and 11200 mg/L, 
respectively) at 55 oC compared to 37 oC. Nonetheless, the study of Lu et al. (2005) 
showed improved VFA production from primary sludge at extreme hyper thermophilic 
temperature of 70 oC and HRT of 2 days when used as a pretreatment stage compared to 





such a hyper thermophilic pretreatment step before thermophilic digestion (HRT of 13 
days and temperature of 55 oC), enhanced the organic solids removal by 12%, and 48% 
increase in biogas potential compared to the thermophilic digestion at HRT of 15 days and 
temperature of 55 oC as the base scenario (Lu et al., 2008). Zhang et al. (2009) conducted 
a research on hydrolysis of waste activated sludge and short chain fatty acids accumulation 
to determine the optimum pH under batch mesophilic and thermophilic conditions testing 
a wide range of pH ranged 4.0-11.0. Their findings showed the optimum pH of 9.0 and 
8.0, and optimum fermentation times of 5, and 9 days for mesophilic and thermophilic 
fermentation, respectively. 
 
Figure 2.8. pH impact in WAS mesophilic (a) and thermophilic (b) fermentation; 
Reprinted with permission from Zhang et al., copyright (2009), Elsevier. 
e) HRT and OLR: Theoretically, longer HRT (similar to SRT in the complete mixed 





considering an increase in contact time, which means a bigger chance for microorganisms 
to react with the substrate in the reactor (Bengtsson et al., 2008). However, it should also 
be taken into account that prolonged HRT could also lead to stagnant VFA production 
(Fang & Yu, 2000; Lim et al., 2008). Operation at a longer HRT also results in a bigger 
reactor size (and cost) for VFA production (Demirel & Yenigun, 2004). On the other hand, 
controlling the SRT may be beneficial to the production of VFA from biosolids. Shorter 
SRT can inhibit the dominance of methanogens in the anaerobic reactor considering their 
lower growth rate than acidogens (Ferrer et al., 2010). Miron et al. (2000), found that 
acidogenic and methanogenic conditions prevailed at SRT≤8d and SRT≥10d, respectively. 
These values however, were not consistent with some of the other literature studies which 
observed SCOD decrease for high retention times (5-6 days) in PS fermentation. Wu et al. 
(2010) reported a decrease in total VFAs in alkaline fermentation of PS after 5 days at 
different pHs of 3-11, except for pH 11 where a peak point in VFAs was not observed 
until the day 13th. Ahn & Speece (2006) reported that within the initial 5 days of PS 
fermentation, most of the SCOD (78–84%) was generated. Bouzas et al. (2002) indicated 
SRTs of no longer than 6 days to be optimum for VFA yield of primary sludge. Min et al. 
(2002) reported 2.7 days as the optimum SRT for fermentation of secondary sludge 
generated in treatment plant receiving wastewater from a fibre industry. Although most of 
the literature studies, confirm that VFA generation starts to decrease at high retention times 
(5-6 days) in the fermentation of PS (Rubal et al., 2012), only a few studies 
comprehensively reviewed the impact of fermentation  SRT on VFA production (Lee et 
al., 2014). The reported values for the impact of OLR on VFA production were also 
inconsistent but can be rationalized by the occurrence of an optimum OLR (Lee et al., 
2014). Generally, the production of VFA increases with the increase of OLR due to the 
increasing availability of substrate; however, at high organic loading rates, the broth 
became very viscous by accumulation of unutilized solid food waste inside the reactors 
resulting instability of the operation (Lim et al., 2008). They reported average VFA yields 
of 0.36, 0.35, and 0.3 g VFA/g VS at OLRs of 5, 9, and 13 g/L.d, respectively.  Apart from 
the amount of waste fed into the reactor, frequency of feeding also affects the production 
of VFA under semi-continuous conditions (Lee et al., 2014). For instance, in an anaerobic 





and HRT of 2.5-3 days, it was found that increasing feeding frequency in the range of 3 to 
24 times per day, led to a decrease in VFA concentration (roughly from 1200 mg/L to 180 
mg/L); while VFA stabilized from 24 to 48 feed times per day (Nebot et al., 1995). They 
also observed that acetic acid was the dominant component carried out at 3-6 doses per 
day and then decreased by increasing the dose frequency until 24 dose per day where its 
concentration was similar to butyric and propionic acid concentrations. This was 
interesting that the biogas yield (0.25-0.3 L CH4/g COD did not seem to be correlated to 
the feeding frequency. Overall degradation efficiency was correlated positively with the 
feed frequency; 70% in 3-6 times/d to 90% in 24-48 times/d, compared to 95% degradation 
observed under continuous operation. This may also be considered as a mean to minimize 
the maintenance costs due to lower wear and tear of the pumps and other equipment. 
 
2.4.4.3 Removing the inhibitor and suppressing undesired pathways 
In dark fermentation process as the first stages of the anaerobic digestion, the operational 
conditions are naturally set to avoid methanogenesis by controlling hydraulic retention time 
and self-maintaining highly acidic conditions (Parthiba Karthikeyan et al., 2018). Generally, 
anaerobic digestion is more sensitive to toxicants than aerobic treatment (Chen et al., 2014). 
Indeed, methanogenic archaea are highly sensitive to acid, alkali, or heat-shock treatments that 
are often carried out for their inactivation in inocula used for the fermentation process. The 
environment for fermentative bacteria can also be favored using some chemical inhibitors such 
as bromoethane-sulfonate, acetylene and chloroform (Guo et al., 2010). Inhibitory threshold 
differs widely based on the operational conditions and specific chemicals. For instance, 
chloroform (CF) was shown to be inhibitory to the methanogens at concentration of 0.09 mg/L, 
most toxic among six chlorinated hydrocarbon solvents (including 1,1,1-trichloroethane and 
carbon tetrachloride) to the anaerobic digestion of sewage biosolids (Swanwick, 1971). 
Trichloroethylene (TCE), and dichloromethane (DCM) were shown to be inhibitory at 3.9 
mg/L, and 18 mg/L, while perchlorethylene (PCE) did not show inhibitory impact at 14.5 mg/L 
(Chen et al., 2014). Inhibitors may be already present in inoculum, substrates or even produced 
during fermentation process (Bundhoo & Mohee, 2016). Some fermentation products are 





process. VFA accumulation may impact the acidogenic activity and make it 
thermodynamically unfavorable, hence shifting the metabolic pathway to other reaction 
products (Pind et al., 2003). Fermentative bacteria are inhibited by high levels of VFA, LCFAs, 
humic acids (HA), and hydrogen partial pressure. Azman et al. (2017) showed that high level 
of humic acid (depending on the composition and dosing strategy of the HA) is inhibitory to 
the anaerobic degradability of xylan and cellulose, reducing hydrolysis efficiency by 40%. 
VFA concentrations of 1.8-2 g/L, were reported to be inhibitory (resulting in 75% inhibition) 
to hydrolytic bacteria (Amha et al., 2018; Siegert & Banks, 2005). High LCFAs level of 2.1-
7.9 g COD/L were also reported as inhibitory thresholds to the acidogenic bacteria (Ma et al., 
2015). It should also be mentioned that studies focusing on inhibition of acetogenic 
fermentation process are still limited, most of the available literature studies considered 
anaerobic digestion as a complete biological process or dark biohydrogen production. Some 
factors are known to inhibit mostly methanogens during anaerobic process as the most sensitive 
organisms in the AD process although some other references mentioned the impact to be more 
significant on fermentative bacteria. For instance, the inhibitory effects of ammonia, are mainly 
reported to influence methanogenesis (and mostly acetate consuming microorganisms) in 
anaerobic reactors (Koster & Lettinga, 1984; Schnürer et al., 1994; Calli et al., 2005; Jiang et 
al., 2019). The inhibitory thresholds were reported in the range of 1.7 to 14 g NH3-N /L of total 
ammonia concentration (Chen et al., 2008). Contrarily, Calli et al. (2005) proved that 
acetogenic bacteria are more sensitive to free ammonia compared to methanogenic archea 
which has been suggested to be the main inhibitory mechanism.  
Different strategies have been proposed in the literature studies to prevent suppression of VFA 
production due to the impacts of inhibitors. These include the most commonly proposed 
method to dilute the reactor contents, reducing the inhibitor concentration below the 
suppressing threshold, pretreatment of inoculum, and acclimatization of the inoculum to the 
inhibitor, prior to the fermentation process (Bundhoo & Mohee, 2016). 
 Integrated anaerobic fermentation-digestion process 
Compared to the conventional anaerobic biosolids digestion, where hydrolysis, acidogenesis, 
acetogenesis, and methanogenesis are freely interrelated and stabilize inside a single reactor, 





be kept in two separate reactors where physiological, nutritional levels, and operation 
conditions can individually be set separately for each reactor. The configuration of such a 
system was first introduced by Poland and Ghosh (1971), and since then was used both for the 
lab and pilot studies, as well as full-scale treatment plants (Pohland & Ghosh, 1971; Lin & 
Ouyang, 1993; Huyard et al., 2000; Pavan et al., 2000). However, despite its frequent use in 
the past, it is rarely used in the design of the modern digesters (Metcalf and Eddy, 2014). Based 
on a comparative study on volatile solids destruction in the two-stage and conventional 
anaerobic digestion, Bhattacharya et al. (1996) concluded that a relatively small increase in VS 
reduction obtained by a two-phase system might not be worth the additional cost of operating 
two-stage digester at full-scale. Some other literature studies proposed dual digestion process 
by combining aerobic thermophilic digestion, and subsequent anaerobic digestion processes to 
improve VS destruction, achieve greater pH stability through alkalinity production, and 
complete pathogen inactivation over single anaerobic digestion process (Borowski & Szopa, 
2007; McIntosh & Oleszkiewicz, 1997; Messenger et al., 1993; Pagilla et al., 2000). 
Integrated fermentation and anaerobic digestion of biological solids can be considered as a 
modified two-stage digestion process in which VFAs are recovered from the first stage while 
the remaining biosolids are retained and further processed in digestion stage under a longer 
SRT. The process consists of fermentation (regular or enhanced), solids-liquid separation unit, 
and subsequent digestion of residual solids for biomethane production.  Fernández-González 
et al. (2017) reviewed economic and environmental aspects of 13 municipal wastewater 
treatment plants and reported that biomethanation not only economically outperforms the 
present biological mechanical treatment, but also any waste to energy option shows great 
advantages based on the results of a life cycle analysis. They showed that in a medium to low 
waste production condition, the best treatment option should include biomethanization. 
Literature studies, also suggest that VFAs, which are continuously being produced and 
consumed during the process as intermediate products, can be harvested and recovered by the 
means of different strategies (Peces et al., 2016). On the other hand, fermentation of primary 
and waste activated sludges is considered a low efficient process since no more than 20% of 
the chemical oxygen demand (COD) contained in the original sludge can be converted to VFA 
(Peces et al., 2020). Integrated fermentation-digestion process was shown being able to 





(biomethane) recoveries. It was further shown that VFA recovery negatively impacts the 
biogas production capacity in primary, and RBF sludges by 8.4%, and 12.7%, respectively. 
However, it still can save up to Can$ 3200- Can$ 4800 in daily operational expenses of a 
typical 100 MLD BNR WWTP compared to the single digestion (Bahreini, et al., 2020). To 
sum up, literature studies seem to be very limited in this context and further research is needed 
for instance, to clarify the conditions under which the benefits of VFA production and recovery 
outweigh the potential loss in the methane value (Peces et al., 2016). 
 Solids-liquid separation, and VFA recovery 
Fermented sludge contains both solid and liquid fractions which need to be separated through 
filtration or other mechanisms to obtain a final product with potentially high VFA content and 
low suspended solids. One of the major barriers in the application of fermentation process at 
full-scale treatment plants is the dewatering challenge to economically recover VFAs from the 
fermentation broth (Eggeman & Verser, 2005). Generally, the aqueous phase in biosolids is 
generally subdivided into three types of free, interstitial, and bound water (Vaxelaire & Cézac, 






Figure 2.9. Floc structure and classification of water in the sludge; Reprinted with 
permission from Cao et al., copyright (2021), Elsevier.  
The removal of bound water is a complex process and is a limiting factor during solid-liquid 
process (Neyens & Baeyens, 2003). Extracellular polymer substances (EPS) which form a 
complex component of the sludge are highly hydrophilic and their compression will further 
hinder dewatering of the sludge (Cao et al., 2021). Driving free water out of the suspension is 
also energy intensive to overcome irreversible internal filter media fluid friction (Christensen 
et al., 2015; Chu et al., 2005). Considering the complex physiochemical nature of the 
fermentation products, the separation of SCFAs from the fermented sludge is a challenging 
step. In addition, separation and purification of the organic acids from bulk liquids represents 
the majority of the production cost (Gluszcz et al., 2004). Dewatering of sludge was reported 
to cost from US$34-US$57 per dry ton at respectively 150, and 60 dry ton per day for 
throughput centrifuge, and US$40-US$64 in the case of belt filter press for a similar 
dewatering capacity (Outwater & Tansel, 1994). Therefore, further research is needed to find 





Some literature studies also reported a reduction in dewaterability of the digested sludge after 
anaerobic digestion in comparison to original excess biosolids (Apul et al., 2010; Borowski & 
Szopa, 2007; Mahmoud et al., 2006; Nellenschulte & Kayser, 1997). This is mainly due to the 
increase content of fine particles during fermentation (Tuan et al., 2012). In contrary, another 
study revealed that high temperature maintained in the fermentation unit is expected to favor 
the solid-liquid separation process (Longo et al., 2015). It was also shown that although some 
literature studies mentioned that various pretreatments (acid and alkali, ultrasonication, 
microwave (MW), and combined MW and alkali treatments) can deteriorate capillary suction 
time (CST) when directly applied to waste activated sludge samples, their impact on 
dewaterability are negligible. The CST values were comparable to the control reactors when 
pretreatment techniques were applied before anaerobic digestion (Apul et al., 2010). This 
indicates that the considerable impact of pretreatment methods was dampened due to dominant 
impact of anaerobic digestion process. 
As reported in the literature, many techniques have been developed and proposed for recovery 
of organic acids (Singhania et al., 2013), although some of the traditional techniques are not 
favorable due to their drawbacks such as solids pollution, high chemical costs and energy 
consumption, as well as their low yields (Wang et al., 2006). Conventional, patented and 
emerging engineering techniques including vacuum filters, belt press, direct dryers, and 
combined mode drying systems have been used for sludge dewatering (Chen et al., 2002). 
Centrifugal force or pressurized filters were commonly applied to remove excess water from 
biosolids (Wang et al., 2010). Mechanical separation methods for dewatering of the fermented 
solids were suggested to be preferable over gravity separation methods, as well as recycle of 
fermented solids (Banister et al., 1998). If further purification of the VFA is needed, different 
techniques may further be used after primary solid-liquid separation stage. Most of the 
purification techniques, however, were tested in the lab scale and may not be directly 
applicable to large scale treatment plants. Singhania et al. (2013), reviewed various techniques 
developed for the recovery of organic acids from the broth. These techniques include a wide 
range of methods which are based on different physiochemical principles such as: 
electrodialysis (Huang et al., 2007; Wang et al., 2006), ion-exchange (Gluszcz et al., 2004), 
adsorption (Joglekar et al., 2006), liquid-liquid extraction (Alkaya et al., 2009; Rasrendra et 





extractive fermentation. Nevertheless, S/L separation is not always effective and the 
deteriorated filterability of the sludge makes the conventional sludge dewatering methods 
impractical (Tong & Chen, 2007; Yuan et al., 2006). Purified VFAs are considered even more 
difficult to extract from the liquid fraction due to their high solubility. Fermentation of sewage 
sludge, accelerates the release of nitrogen and phosphorus from the sludge particles to the 
fermentation liquid as well (Ahn & Speece, 2006; S. Jiang, Chen, Zhou, et al., 2007; Yuan et 
al., 2006) which consequently results in a significant increase in nutrient load to the BNR 
process and diminishes the value of the fermentate as external carbon source (Tong & Chen, 
2007, 2009).  
Tao et al. (2016) conducted a chain process to convert thermally hydrolyzed waste activated 
sludge (165 oC at 6 bars for 30 minutes) into concentrated volatile fatty acids and using nutrient 
effluent stream for production of biodegradable polyhydroxyalkanoates (PHAs). Their process 
involved a sequence of anaerobic fermentation reactor followed by screening (solid-liquid 
separation), microfiltration (MF), and conventional electrodialysis (CED) units, struvite 
precipitation, and PHAs production reactors, as shown in Fig. 2.10. 
 
Figure 2.10. Schematic illustration of treatment processes; Reprinted with permission 





Fermentation was conducted at 37 oC at an organic loading rate of 20 g VS/L.d, and SRT of 2 
days, followed by microfiltration step with pressure values of 2, and 0.4 bar at the inlet and 
permeate, respectively, and feeding flowrate of 150 mL/min. Results showed that an overall 
80% of the total VFAs could be recovered using microfiltration while electrodialysis also could 
concentrate and recover 92% of the remaining VFAs reaching to 11.7, and 19.8 g VFA/L, 
respectively. The ammonium was then removed from the system through struvite precipitation 
method before the carbon-rich and nutrient streams are transferred to the subsequent reactor 
for PHA production.  
The feasibility of applying the bulk fermentates as carbon source for BNR process, was also 
tested by Yuan et al. (2016) in SBR where fermented WAS as carbon source was compared to 
the base line (without supplemental carbon). The results showed that the fermentation product 
(without separation) could still achieve nitrogen and phosphorus removal efficiency of 82.9% 
and 96.0%, respectively. Sludge production analysis also showed a significant saving due to 
the biosolids reduction in the fermentation reactors operated under alkaline fermentation 
condition. Table 2.2 summarizes some of the reviewed fermentation studies using wastewater 
treatment biosolids with a focus on the impact of parameters on the VFA yield. Despite 
variability in reported yields and experimental conditions, most of the literature studies 
reported alkaline condition to be favorable for the fermentation of primary, waste activated, 
and mixed sludges. Optimum condition were reported to be pH of 9-10 and VFA yields up to 
370 mg COD/g VS under pH-controlled condition. Without pretreatment, however, PS could 
reach to yields as high as 270 mg/g VS at pH 7, compared to a low yield of only 78 mg/g VS 
reported for the WAS fermentation (Fig. 2.11). Due to the higher degradability of PS biosolids 
than WAS, VSS destruction of PS (32%-63%) is significantly higher than 20% reported for 






Figure 2.11. VFA production from fermentation of primary and waste activated sludge; 











Reference Type of waste Rector type and operation condition 
 (mode, optimum pH , temperature& operation time) 
VFA Yield 
(mgCOD/gVS) 
1998 (Banister et al., 1998) Primary sludge Batch, pH 8, room temperature (18-28 oC), 6 d 72-182 
2003 (Ferreiro&Soto, 2003) Primary sludge Batch, pH 10, 35 oC , 19 d 340 
2006 (Yuan et al., 2006) Waste activated sludge Batch, pH 8, room temperature (20-22 oC), 10 d 256 
2006 (Ahn& Speece, 2006) Primary sludge Upflow sludge batch, pH 9, 55 oC, 5 d 180 
2009  (Wu et al., 2009) Primary sludge Batch, pH 10, room temperature, 10 d 302 
2009 (Zhang et al., 2009) Waste activated sludge Batch, pH 5, room temperature, 9 d 298 
Waste activated sludge Batch, pH 9, room temperature, 8 d 368 
2018 (Crutchik et al., 2018) Cellulosic primary sludge Batch, pH 8, 37 oC, 9-13 d 340 
Cellulosic primary sludge Batch, pH 10, 55 oC, 9-13  d 155 
Cellulosic primary sludge Batch, pH 8, 70 oC, 9-13  d 46 










Reference Type of waste Rector type and operation condition 
 (mode, optimum pH , temperature& operation time) 
VFA Yield 
(mgCOD/gVS) 
2016 (Tao et al., 2016) Thermally hydrolyzed 
WAS 
Semi-continuous, uncontrolled pH, 37 oC 125 
2015 (Longo et al., 2015) Mixed PS and WAS Continuous, uncontrolled pH, 35 oC 207 
Mixed PS and WAS Continuous, pH 10, 35 oC  316 
Mixed PS and WAS Continuous, pH 7.1, 35 oC (10g/L Wollastonite 
added) 
228 
2013 (G. Su et al., 2013) Waste activated sludge Batch, pH 10, 25 oC, 15  d 303 
2016 (Wu et al., 2016)  Food waste and WAS Semi-continuous, uncontrolled pH, 40 oC (FW/ES 5) 867 






2.5 Enhanced biological nutrient removal  
Sufficient level of soluble chemical oxygen demands (SCOD), and especially readily 
biodegradable COD (rbCOD) in the influent wastewater is essential for efficient biological 
nutrient removal. However, as mentioned, wastewater treatment plants often receive 
insufficient carbon in the influent, requiring the supply of extraneous carbon to achieve 
satisfactory BNR performance (Wu et al., 2009). Naturally-produced SCFAs provide an 
excellent carbon source which is preferred over other soluble organic carbon forms; i.e. 
acetic, propionic, and butyric acids in order of preference (Elefsiniotis et al., 2004). 
Phosphorus removal via the enhanced biological phosphorus removal (EBPR) process and 
simultaneous nitrogen and phosphorous removal via processes conducted under alternating 
anaerobic and aerobic-anoxic conditions are commonly used processes in wastewater 
treatment plants to achieve BNR targets.  
 Nitrogen removal 
Assuming a yield of 0.4 g VSS/g rbCOD removed, amount of rbCOD used by nitrate and 
oxygen fed to the anaerobic zone can be calculated as follow: 
Oxygen used for rbCOD oxidation equals to the rbCOD consumed deducted by the COD 













)                                     (2.24) 
Which equals to: (
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Based on COD used for DO, and using the oxygen equivalent of NO3-N of 2.86 g/g, the 
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)                                           (2.25) 
The experimental results also are consistent with equation 2.25 as the recommended carbon 
to nitrogen for biological nutrients removal processes is in the range of 5-10 mg COD/mg 
N for combined nitrification and denitrification processes (Henze, 1991).  
 Phosphorus removal 
The rbCOD in the influent will most likely be consumed by bacteria using nitrate and 





So, the total amount of rbCOD in the influent is important for achieving successful 
operation of EBPR process.  
Similar mass balance expressions are available in the models developed for enhanced 
biological phosphorus removal. However, the competition for available and limited carbon 
sources in a system with simultaneous biological nitrogen and phosphorus removal is quite 
complex. In such a system, not only the magnitude but also type and constituents of the 
available carbon source in the influent play important roles in determining the efficiency 
and stability of the operation. EBPR requires fermented substrate preferably as VFA for 
phosphorus release and these types of simple biodegradable compounds are also easily 
consumed in the denitrification process. For an activated sludge process with the SRT of 
7-17 days (A2O, UCT), the COD:P ratio ranges between 34-43 g COD/g P (Metcalf and 
Eddy, 2003). Considering an approximate rbCOD fraction of 0.25 of the total COD (Cokgor 
et al., 2006; Ginestet et al., 2002), 10 g rbCOD/ g P removal is required for EBPR process. 
This value matches the corresponding carbon required to remove 1 mg of phosphorus 
biologically in the range of 7.5-10.7 mg COD as reported in the literature (Grady et al., 
2011). 
Unlike denitrifying bacteria which prefer lower molecular weight VFAs, increasing 
propionic acid in the domestic wastewater leads to higher phosphorus removal efficiency 
in the long run. As reported, phosphorus removal efficiency improved from 77% to 87% 
when the ratio of propionic to acetic acid increased from 0.16 to 2.06 mM carbon/mM 
carbon (Ji et al., 2010). Another research also reported the propionate to acetate ratio of 
0.25-0.75 g CODpropionate/g CODacetate as the optimum ratio for biological phosphorus 
removal process (Broughton et al., 2008; Yuan et al., 2012).  
 Fermentates supplementation as internal carbon source  
The short chain fatty acids can be produced either synthetically from fossil resources or as 
metabolic intermediates in acidification step of anaerobic digestion (Singhania et al., 2013). 
The addition of commercial carbon sources increases the WWTP carbon footprint and 
operational costs (Huang et al., 2018). 
Considering the relatively higher cost of synthetic chemicals, the use of waste-derived 





produced during wastewater treatment, researchers studied and successfully applied a wide 
range of feed sources such as food waste fermentation liquid as carbon source to enhance 
the BNR (Feng et al., 2021; Tang et al., 2019). The use of sludge fermentation liquid was 
found promising since it also enables a reduction in the amount of biosolids to be disposed 
as well (Li et al., 2009). It also contributes to the decrease in the production of nitrous oxide 
(N2O) and nitric oxide (NO) during the BNR process accomplished via the nitrite pathways 
(Zhu & Chen, 2011). The study of using fermentation liquid prepared from raw wastewater 
biosolids as carbon source for municipal wastewater biological nitrogen and phosphorus 
removal, had been reported since 1980s (Bi et al., 2014; Tong & Chen, 2007). Liu et al. 
(2016) studied the impact of methanol, acetic acid, propionate, glucose, and fermented 
primary sludge on the denitrification rates. At a total nitrogen concentration of 45 mg/L, 
methanol achieved a removal efficiency of 81% while other carbon sources achieved a 
complete removal of nitrogen. Although acetic acid, propionate, glucose, and fermented 
primary sludge removed nitrogen completely, propionate, glucose and fermented sludge 
achieved denitrification rates of 0.21 mg NO3-N/mg MLSS.d which was almost 66% higher 
than the denitrification rate observed for the acetic acid (0.126 mg NO3-N/mg MLSS.d). 
However, this finding was contrary to the most of other reviewed literature studies which 
reported the highest denitrifcation rate for acetic acid and proposed that as the most 
effective carbon source for denitrification process (Bahreini et al., 2020; Her & Huang, 
1995; Li et al., 2015). Denitrification rates reported in the literature for some of the simple 
carbon sources, are summarized in Table 2.3. Taking  into account that nitrate discharge 
limit may soon be regulated to as low as 1 or 2 mg N/L in most provinces in Canada 
(Louzeiro et al., 2002), proposing more effective and inexpensive carbon sources for 
biological nutrients removal is practically important. Methanol was frequently been 
reported to be applicable as carbon source for denitrification, as well as biological 
phosphorus removal due to its cheaper costs compared to acetate. However, fermentates 
have also been considered as the favorable carbon source not only due to their low cost, but 
also considering their overall advantages such as additional alkalinity provided for stability 







Table 2.3. Denitrification rate of simple carbon sources 
Substrate Denitrification rate Reference 
Methanol 4.4 mg NOx/g VSS.d (Louzeiro et al., 2002) 
Ethanol 12-24 mg NO3/g biomass.d (Matějů et al., 1992) 
Acetic acid/Acetate 17-36 mg NO3/g VSS.d (Elefsiniotis & Li, 2006) 
 
2.6 Pilot and full-scale applications of fermentation 
 Pilot scale fermentation 
Not many studies were found in the literature focusing on the pilot or full-scale applications 
of primary sludge fermentation. Recently, Longo et al. (2015) investigated a pilot scale to 
produce short chain fatty acids from mixed primary and secondary sludge through alkaline 
fermentation, and subsequent membrane filtration (SF-MS), as well as further application 
of the sludge fermentation liquid in BNR process. The completely stirred fermenter had a 
capacity of 500 L maintained at 35±1 oC, and was directly fed from a full scale WWTP. 
The fermentation unit was operated in semi-continuous mode, and filtration was operated 
for 10 h/day in batch mode. The HRT was between 4.6-5.9 days, while the SRT was fixed 
at either 14 days (periods1-3) or 5-6 days (periods 4, and 5) during different stages of the 
experiment. A mixture of primary and secondary sludges with average total and soluble 
COD of 18221 and 274 mg/L respectively, was used in the experiment. Wollastonite 
(alkaline silicate mineral) in the range of 10 g/L was added to the reactor during periods 3, 
and 4, to buffer pH while caustic soda was added to adjust the pH in the range of 9.5 to 
10.5 during periods 2, and 5. Period 1 was operated as an uncontrolled pH period without 
any chemical addition as the base line. Fig. 2.12 shows the overall scheme of the pilot and 






Figure 2.12. Pilot scale sludge fermentation experiment scheme; Reprinted with 
permission from Longo et al., copyright (2015), Elsevier. 
The results showed that production of SCFAs by alkaline fermentation is highly dependent 
on the pH, and maximum product was obtained after 5 days. They reported average VFA 
yields of 206.5, 315.6, 227.9, 248.6 and 325.0 mgCOD/g VS for periods 1, 2, 3, 4 and 5 
respectively. The pH in the periods 1 (uncontrolled pH), 2 (soda addition), and 3 
(wollastonite addition), were 5.3-6.5, 10, and up to 7, respectively; indicating a better buffer 
potential for caustic soda compared to wollastonite in the fermentation process.  
 Full-scale fermentation  
Liu et al. (2018) reported the results of their project in a full-scale study focusing on 
thermal-alkaline pretreatment and alkaline fermentation of wastewater biosolids to generate 
VFAs. The produced fermentate was then used as carbon source to improve biological 
nitrogen and phosphorus removal (BNPR) efficiency in a municipal wastewater treatment 
plant in China. Biosolids pretreatment was performed at 70 oC for 2h in a 1.9 m3 tank 
proceeded by alkaline fermenter (30 m3 volume), operated at 35 oC. The operational 
parameters of the semi-continuous fermenter were: pH of 10-11, OLR of 3.0 kg VS/m3.d 
and a solids retention time of 14 d. The organic loading rate of the fermenter was about 3.0 





sludge fed and discharged daily. The fermentation liquid was separated by the frame filter 
press and was fed to the A2O process (Fig. 2.13). 
 
Figure 2.13. Outline of the model for VFAs application in BNR plant; Reprinted with 
permission from Liu et al., copyright (2018), Elsevier.   
The long-term operation of the system confirmed the technical and economic feasibility of 
alkaline fermentation to simultaneously reduce biosolids, recover carbon source, and 
enhance nutrient removal. The average observed VFA yield was 260 mg COD/g VSS with 
the highest value of 375 mg COD/g VSS observed in 50 days. Addition of fermentation 
liquid as carbon source led to nitrogen and phosphorus removal efficiencies of 94.4% and 
89.7%, respectively. These values were slightly lower than the case when acetic acid was 
added as pure carbon source (i.e. 95.9% and 96.0% for N and P removal efficiencies, 
respectively). Finally, their results showed that VFA production could economically 
outperform the biogas production. Considering the yields of 0.32 g COD/g VS and 0.35 
L/g VS, and production price of 0.98 USD /kg, and 0.44 USD /m3, for VFAs and biogas, 
respectively, the net revenues of VFA and biogas productions were calculated at 9.12, and 
3.71 USD/m3 sludge, respectively. This suggests that VFA extraction obviously generates 
more revenue than biogas. The proposed shift from biogas production to VFA producing 
process is also motivated by some other studies taken into account the higher market value 





digestion in general especially at full scale plants where economic considerations need to 
be accounted. Cano et al. (2015) summarized some of the main technologies used for the 
sludge pretreatment at laboratory and industrial scales. This review showed that not all the 
pretreatment technologies are promising to be implemented at full-scale from an energy 
perspective. As reported, only a few of the reviewed technologies have already been 
commercialized at full-scale with thermal hydrolysis being the most widespread technology 
(Table 2.4). As mentioned, rarely a literature study was found specifically focusing on the 
integrated fermentation-digestion process. This field is highly important since in an 
integrated treatment system, fermentation and extraction of soluble products will impact 
down-stream processes including biological nutrients removal and anaerobic digestion 
processes. Further research are required to assess whether the benefit of VFA extraction 
from primary sludge outweighs the potential loss in methane under different conditions 
(Peces et al., 2016). Extracting VFA will decrease the amount of organic matter fed to the 
AD, potentially decreasing the energy recovered; however, the degree of this impact and 
overall assessment of such a system are still unknown. 
Table 2.4. Pretreatment technologies applied at full-scale WWTP (Cano et al., 2015) 




Cambi (1995): 20 plants Biosonator Micro sludge Open cell 
Biothelys (2006): 10 plants Sonix Crown Power Mod 
Exelys (2010):1 plant Iwe. Tec Cellruptor  
Turbotec (2011): 1 plant Smart DMS   
CHT (2012): 1 plant Hielscher   
Lysotherm (2012): 1 plant    





An optimal configuration of the integrated fermentation and digestion of biosolids was 
proposed by Peces et al. (2016); suggesting that the interrelated model is influenced by two 
main factors: 1) The overall cost (capital and operating expenses) of the extraction and 
revenues obtained from VFAs use or sale and 2) The impact on methane production. 
However, as mentioned above, based on the literature review conducted in this study, little 
attention has been paid to the latter, particularly evaluating the compromised energy 
potential in anaerobic digestion process (Peces et al., 2016). 
2.7 Synopsis of the literature  
Cellulose fibers originating from toilet paper represent a significant fraction of total 
suspended solids (30-50%) and COD (20-30%) in the influent to the wastewater treatment 
plants (Reijken et al., 2018; STOWA report, 2012). Primary treatment options such as 
primary clarification and dynamic seiving impact both liquid and sludge processing units 
downstream by separating solids from wastewater. At the molecular level, cellulose 
(C6H10O5)n is a linear (unbranched) homo-polysaccharide consisting of 10,000-15,000 ᴅ-
glucose units linked by β(1→4) covalent bonds (Sawatdeenarunat et al., 2015). Cellulose 
can be biodegraded under both aerobic and anaerobic conditions (Nils Edberg & Hofsten, 
1975; O’Sullivan et al., 2007; Pérez et al., 2002). Additionally, cellulose diversion, or 
recovery leads to saving in energy (cost) for aeration and lowering total sludge production 
considering a circular economy model (Reijken et al., 2018). Primary sludge contains not 
only cellulose but also a considerable source of biodegradable organic compounds which 
can potentially be fed to the VFA-generating platforms. VFAs can be used as favorable 
internal carbon source to enhance phosphorus and nitrogen removal in wastewater 
treatment plants (Zhu & Chen, 2011). Primary and waste activated sludges generated in 
wastewater treatment are frequently studied for VFA production because of the massive 
volumes generated and reducing costs (Jiang, et al., 2007). On the other hand, many 
treatment plants do not contain sufficient carbon required for BNR, hence, an additional 
carbon source is required to balance the C:N ratio (Lee et al., 2014).  
In the anaerobic fermentation of primary sludge, protein and carbohydrate compounds are 
reduced to a variety of simpler products by means of acid fermentation. However, high 





the methanogens (Liu et al., 2014). Techniques to enhance the VFA production include 
optimization of key operational factors such as pH, temperature and OLR during the 
process to promote the process. Since hydrolysis is the rate limiting step in anaerobic 
fermentation, many pretreatment technologies have been developed with the aim of 
accelerating the hydrolysis and enhancing the productivity as well as modifying properties 
of the sludge (Cano et al., 2015). When a pretreatment method is needed eventually to be 
implemented in full-scale plants, a proper economical assessment should be carried out in 
addition to technical and experimental studies. Generally, for all pretreatment options 
excluding ultrasound, the net energy gain from biogas does not offset the energy consumed 
by the process. Thermal pretreatment is claimed, however, having potential to be 
implemented in wastewater treatment with full energy recovery and self-sufficiency 
scheme (Cano et al., 2015). The aforementioned authors claimed that full energy integration 
is achievable in plants utilizing thermal hydrolysis (Cambi, Exelys, CTH); supported 
theoretically when a minimum sludge concentration of 5% TS is accessible. 
In addition to different pretreatments, to enhance the fermentation and maximize the VFAs 
recovery, optimization of the system operation, promoting the acidogenesis stage, and 
removing inhibitors from the reactor are shown to be effective methods (Zhou et al., 2018). 
Researchers also reported that harsh acidic or alkaline pH could inhibit the methanogenesis 
and lead to accumulation of VFAs (Wang et al., 2014; Yuan et al., 2006). The preferred 
operating pH for methanogenesis ranges between7.8 to 8.2 (Chaganti et al., 2011). Addition 
of methanogens inhibitors and shortening the reaction times could also be used to inhibit 
methanogens and promote VFAs production (Liu et al., 2012). In full scale applications, 
however, the former option was shown to be costly while the latter technique resulted in 
poor stability (Liu et al., 2018). In addition to pH, temperature plays a major role in 
controlling the fermentation. Increasing the temperature within psychrophilic and 
mesophilic, and thermophilic temperature ranges is beneficial to fermentation, increasing 
the concentrations of VFA produced (Yuan et al., 2011; Zhang et al., 2009), rate of 
production (Maharaj & Elefsiniotis, 2001), and yield (Bouzas et al., 2002). Consideration 
must also be given to the trade-off between the magnitude of improved VFA production 
and the heat required to maintain the temperature (Lee et al., 2014). In addition, unlike the 





shown to be the primary VFA produced at 37 oC, 55 oC and 80 oC followed by butyric acid 
as the second dominant VFA (Gadow et al., 2013).  
HRT and SRT also impact the VFA production by controlling the reaction time and 
increasing the chance of contact between substrate and microorganism (increased HRT) or 
preventing the growth of methanogens in the anaerobic reactor (decreased SRT). 
Contrarily, prolonged HRT is shown to lead to stagnant VFA while too short SRTs may 
not be sufficiently long to promote the hydrolysis of the particulates in the biosolids (Lee 
et al., 2014). Determining the suitable HRT (and SRT) is very critical also considering a 
larger reactor volume and hence a greater cost required for operation at higher HRTs 
(Demirel & Yenigun, 2004). Banister et al. (1998) showed mixing, seeding and solids 
concentrations to be additional significant parameters governing VFA production for 
optimizing the acidogenic primary sludge fermentation process. 
According to the literature, two important concerns need to be addressed for the optimized 
recovery of VFA by anaerobic fermentation: separation of VFA from the broth and the 
suppression of the methanogenesis (Singhania et al., 2013). There are various techniques 
applied for purifying the VFAs from the fermentation broths, including electrodialysis, ion-
exchange, adsorption, liquid-liquid extraction, pertraction, membrane based solvent 
extraction and extractive fermentation (Singhania et al., 2013). Regardless of which method 
is used, this purification step accounts for the majority of the production cost (Gluszcz et 
al., 2004). Although filtration and mechanical dewatering methods are proposed for solids-
liquid separation, direct application of sludge fermentate as carbon source for BNR 
enhancement was also tested using waste activated sludge as the mono substrate without 
separation (Yuan et al., 2016).  
Application of waste-derived VFAs in biological nutrient removal process including lab, 
pilot and full-scale projects have been developed and tested by many authors (Grady et al., 
2011; Henze, 1991; Lim et al., 2000; F. Liu et al., 2016; H. Liu et al., 2018; Tong & Chen, 
2007). Several studies demonstrated that using waste-derived VFA resulted in comparable 
BNR performance compared to using synthetic chemicals (Tong & Chen, 2007; Zheng et 
al., 2010). Several studies also reported the feasibility of pilot-scale waste activated sludge 
fermentation, liquid separation and application to improve biological nutrient removal 





operation of VFAs production and its application for biological nutrient removal in a 
WWTP (Liu et al., 2018). Sewage biosolids handling is a major portion (up to one-half) of 
the operating costs of the municipal wastewater treatment plants (Lens et al., 2004). Desired 
VFA profile is highly dependent on its subsequent application, either internally within the 
WWTP or as a valuable commodity (Peces et al., 2016). To sum up, to ascertain the 
transferability of technologies from the laboratories to the commercial market, more pilot-
scale and full case studies are required, not only to fine-tune the technical aspects, but also 
to scrutinize the economics (Lee et al., 2014).  
2.8 Knowledge Gaps 
According to the literature, the biodegradation of cellulose fibers in activated sludge 
process is hardly investigated (Ruiken et al., 2013). So, very little is known about the 
degradation of the cellulose fibers (Edberg & Hofsten, 1975) despite forming a significant 
fraction of the influent COD. There is also a significant knowledge gap on the fate of 
cellulose in full-scale wastewater treatment plants with a significant lack in literature 
studies including mass balance around physical and biological process units in the treatment 
plants. It is noticeable that most of previous research estimated degradation efficiencies 
under controlled conditions such as in the lab or using controlled batch (nylon bags) in 
treatment plants. Although a few studies reported the fate of cellulose in full-scale treatment 
plants (Honda et al., 2000; Ruiken et al., 2013), physical and biological removal 
efficiencies, have not been accurately estimated due to lack of mass balance and not 
including cellulose accumulation in biological reactors, which are critical aspects of the 
cellulose fate in wastewater treatment plants. 
A literature review on fermentation studies also revealed that despite the extensive works 
conducted on the biosolids fermentation such as different pretreatment techniques and 
operating parameters (i.e. pH, temperature, solids retention times, hydraulic retention time), 
there is still a gap of knowledge on comparative studies of different types of biosolids such 
as primary and RBF sludges. Most of the studies on pretreatment, have been conducted in 
the laboratory scale and may not be considered as reliable to reproduce the same yield in 
the pilot or full scale. In addition, lignocellulosic biomass, has been widely tested for bio-





methanogenic archaea in one or two-stage anaerobic bioreactors (Minty et al., 2013). 
Carbohydrates, protein and lipids follow different metabolic pathways during anaerobic 
processes such as fermentation. This results in different conversion rates and impacts the 
composition of the final products (such as composition of the VFAs). A comparative study 
of fermentation focusing on their organic constituents (mainly cellulose) shows whether 
this impact is significant and can shift the optimum conditions under control and enhanced 
fermentation. It is also important to note that development of processes based on 
lignocellulolytic enzymes could efficiently lead to a vast variety of new environmentally 
friendly technologies (Pérez et al., 2002). Acid and alkali pretreatments specifically impact 
the cellulose contents of the two sludge types. Alkaline hydrolysis causes structural 
swelling, hence increases the surface area and decreases the degree of polymerization 
(Champagne & Li, 2009; Fan et al., 1987); while acidic condition results in accelerated rate 
of solubilization and higher conversion yields (Lloyd & Wyman, 2005; Prasad et al., 2007). 
Considering different cellulose content (and potentially some other constituents) of the 
primary and RBF sludges, the level of enhancement and optimum pH conditions for VFA 
recovery may differ and need to be explored. In addition, reduction of particle size increases 
the specific surface area and accessibility of cellulose to the enzyme (Sun & Cheng, 2002), 
hence considering different particle size distribution, a comparative study focusing on 
enzymatic pretreatment of RBF and primary sludges further investigate this impact which 
is currently a gap in the literature. 
Most of the reviewed literature studies on primary sludge fermentation proposed fermented 
liquid as a potential carbon source to enhance the BNR; with removal of excessive 
phosphorus and nitrogen contents from the fermentates (Ji & Chen, 2010; Rajesh Banu et 
al., 2009; Tong & Chen, 2009). Research on the efficiency of direct application of 
fermentates to BNR systems without or with simple separation techniques is necessary to 
find more efficient methods taken into account the difficulties in dewatering stage. 
Integrated fermentation and digestion including enhanced fermentation by pretreatment 
techniques, has been reviewed in some previous research mainly as part of two-stage 
digestion studies or hydrogen-methane production research (Liu et al., 2013; Sarwar et al., 





digestion process was not evaluated in these studies. Application of VFA-rich fermentation 
liquid in the enhanced BNR process needs to be reviewed using whole-plant modelling 
context to include interrelated impacts of the processes and evaluate the overall outcome of 
the treatment system. The objective in an ideal integrated fermentation and anaerobic 
digestion is not only VFA recovery optimization, nor only increasing methane generation, 
but to simultaneously maximize the net revenues of VFA and biomethane production 
together, incorporating the impact of utilizing fermentates to enhance BNR under a 
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Chapter 3  
3 Fate of cellulose in primary and secondary treatment at 
municipal water resource recovery facilities 
3.1 Introduction 
Cellulose has been indicated as a major component (25%-30%) of the particulate fraction 
of municipal wastewater due to the direct discharge of toilet paper (Ramasamy, et. al, 1981; 
Ruiken, et al., 2013). Theoretical estimation of the influent cellulose using the per capita 
annual toilet paper consumption in western Europe (14 kg/capita) indicated that cellulose 
is 40% of the influent solid mass (Ruiken et al., 2013). Similarly, using the per capita annual 
toilet paper consumption of 23 kg/capita reported in North America 
(http://www.worldwatch.org/node/5142), and per capita water consumption of 400 L/d, the 
estimated influent toilet paper is 158 mg/L, representing approximately 50% of the solids 
mass of typical raw municipal wastewater (Metcalf & Eddy, 2002).   
In order to understand the fate of cellulose in wastewater treatment, reliable quantification 
of cellulose is needed. To quantify cellulose in wastewater, and understand its fate in 
different treatment processes, several methods have been developed. Hurwitz, et al. (1961) 
determined the cellulose content in the wastewater sludges gravimetrically using the 
Schweitzer reagent (copper ammonium hydroxide) as a solvent for cellulose and showed 
that the cellulose content in raw wastewater and primary sludge varied from 4.5% to 13.5%, 
and 2% to 10% of the total TSS, respectively. In addition, cellulose content of the waste 
activated sludge dry solids ranged between 1% in summer, and 3.55% in winter (Hurwitz 
et al., 1961). Hofsten & Edberg (1972) determined cellulose (including hemicellulose) 
contents using the anthrone method after hydrolysis with H2SO4 solution. Honda, et al. 
(2000) determined cellulose in the wastewater samples using the phenol-sulphuric acid 
method (DuBois et al., 1956) after treatment with NaOH, and H2SO4 solutions. The 
cellulose content in both raw wastewater and primary sludge were 17% and 7% of the TSS 
for separate and combined sewer systems, respectively while in the biological sludge it was 
1% of the TSS (Honda et al., 2000). Another method developed by Honda, et al. (2002) 





with diluted sulfuric acid, followed by conventional autoclaving treatment. The phenol-
sulphuric acid method was used to estimate the purity of the separated cellulose. Results 
showed that cellulose purity was impacted by the cellulose percentage in the sample (i.e. 
samples with low cellulose contents (less than 5% of dry mass) had a purity of 9.2% to 
34%, while samples with a high content (more than 20%) had a purity higher than 70% 
(Honda et al., 2002). Moreover, other studies (Honda et al., 2000; Ruiken et al., 2013), 
determined cellulose microscopically using polarized light; however, removal efficiency 
could not be estimated accurately due to the method uncertainty. The cellulose content of 
the RBF sludge, examined microscopically by (Ruiken et al., 2013), showed that cellulose 
content in the RBF sludge was 79% of the total solids mass, as compared to between 25% 
to 32% in the primary clarifier sludge.  
The widely disparate values reported for the cellulose content of raw wastewater by (Honda 
et al., 2000; Hurwitz et al., 1961; Ruiken et al., 2013) may suggest that the different 
analytical methods could be inadequate for an accurate quantification of cellulose in 
heterogeneous matrices such as wastewater and sludge. Furthermore, most of the developed 
methods were published in the 70’s and 80’s, and since then they have not been further 
validated.  
Recently, Gupta et al. (2018) compared four measurement methods for cellulose detection 
in wastewater and sludge: acid hydrolysis (sulfuric acid), enzymatic hydrolysis, NREL 
(National Renewable Energy Laboratory), and the Schweitzer methods. The 
aforementioned authors concluded that the Schweitzer method was the most reliable and 
accurate technique for measuring cellulose content in municipal wastewater and sludge, as 
it does not rely on the hydrolysis of cellulose into glucose which not only requires a long 
time but also shows a temperature-dependent conversion efficiency, reliability, and 
reproducibility.    
Table 3.1 summarizes the cellulose degradation efficiencies reported in the literature by 
various authors. Hurwitz et al., (1961) studied the aerobic degradation of cellulose using 
laboratory batch experiments. Results showed that after 72 hours, only 6.7 % of the 





Increasing the contact time to 96 hours at 12 to 13 oC increased the cellulose degradation 
efficiency to 20 %, reflecting that the temperature impact could be partially outweighed by 
the contact time increase. Also, cellulose degradation rates were reported to increase 
proportionally to the mixed liquor suspended solids (MLSS) concentration, and therefore, 
the biodegradation rate is proportional to the solids retention time. Edberg & Hofsten, 
(1975) studied the cellulose degradation under anaerobic conditions using nylon bags. 
Results showed that 70% of the cellulose was biodegraded in 30 days. In a similar study, 
Verachtert, et al. (1982) used nylon bags to determine cellulose degradation under aerobic 
and anaerobic conditions and showed that 50% of the cellulose was degraded aerobically 
while 60% was degraded anaerobically at a contact time of 15 days. Ruiken et al. (2013), 
using batch experiments, showed that cellulose degradation under anaerobic conditions was 
affected by temperature (i.e., 10% of cellulose was degraded in 20 days during winter (9 
oC) while complete removal was observed within 12 days during summer (24 oC)). Aerobic 
biodegradation of tissue paper was examined by Alvarez, et al. (2009) and showed a 
biodegradation rate of 50%. Ghasimi, et al. (2016) showed that anaerobic biodegradation 
rates of the cellulose-rich sieved sludge (fine mesh <0.35 mm) were 57% and 62% under 
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a Chromatographic cellulose with a particle size of less than 0.02 mm was estimated using microcrystalline 
cellulose as a reference material. For this method, it was assumed that maximum degradation was achieved 
when no cellulose fibers exist (i.e. existing cellulose is only in the form of microcrystalline cellulose) 
Previous studies have also confirmed the important role of cellulose in the formation of the 
filtration cake that effectively enhances the separation in RBFs. In this regard, RBF is a 
primary treatment method that, while allowing the selective capture of fibers and cellulose, 
can achieve TSS removal efficiency ranging from 30% to 60% without chemical pre-





the raw wastewater influent, the RBF would function only as a sieve, with reduced TSS 
removal efficiencies. Therefore, the harvest of cellulose in primary filtration with RBF is 
associated with the dual advantage of removing the cellulose from the secondary treatment 
load and enhancing the solids separation in primary treatment, with the concomitant 
enhancement in biogas production in the digesters. 
Behera, et al. (2018) modeled the impact of organic carbon recovery (including cellulose) 
using RBF on methane gas production and aeration energy assuming that cellulose fraction 
in the influent varies from 25% to 40% of the influent COD. Furthermore, cellulose 
anaerobic and aerobic biodegradabilities were assumed to be between 50%-70%, and 15%-
35%, respectively. Results showed that cellulose recovery by RBF with thick mat formation 
increased methane production by about 10% while reducing energy demand in the activated 
sludge systems by 8% when compared to primary clarification. On the other hand, RBF 
without mat formation showed less methane production (about 20% less) and aeration 
energy (about 2% less) than primary clarification.  
Reijken, et al. (2018) incorporated the cellulose into activated sludge model (ASM1) to 
model the impact of cellulose sieving on the plant performance. The model considered 
cellulose as a separate state variable at 20% of the total COD. Results showed that cellulose 
recovery had a negligible impact on nitrogen removal since most of the cellulose can be 
degraded aerobically at a solids retention time of 16 days, and part of the remaining 
cellulose is not hydrolyzed (i.e. 15% to 5% of the cellulose was found in the produced 
excess sludge at hydrolysis coefficient of more than 0.2 d-1). 
As shown in Table 3.1, the reported degradation rates, as well as cellulose contents in the 
wastewater and sludge samples, varied considerably. Lack of mass balance data on 
cellulose conversion in water resource recovery facilities (WRRFs) is a clear knowledge 
gap. It should also be noted that, with the exception of (Honda et al., 2000), the estimated 
degradation efficiencies for cellulose were established under controlled conditions (i.e. 
laboratory scale or nylon bags). Therefore, there is a clear need for full-scale studies, 
supported by laboratory observations, and detailed mass-balance calculations. Such 





consideration of the central role played by cellulose in the ongoing paradigm of WRRFs. 
Moreover, plant-wide benefits could be expected by removing fibrous material from the 
wastewater influent, as the former represents a large fraction of very slowly biodegradable 
COD. Captured cellulose can be either converted to biogas by co-digestion with biosolids 
(Ghasimi et al., 2016) or utilized as a resource for different industries such as biofuels, 
additives in building materials, and asphalt (Boztas, 2017; Honda et al., 2000). 
Furthermore, research to convert the recycled cellulose into energy, bio-plastics bottles, 
and other products is well underway (Boztas, 2017). 
Thus, the main objective of this study was to track the fate of cellulose in primary and 
secondary treatment processes under representative, full-scale conditions and controlled 
SBR experiments. This study was also motivated by the discrepancy in cellulose 
biodegradation efficiency and the lack of validated methods used in previous studies for 
cellulose quantification in wastewater and sludge, which is now available (Gupta et al., 
2018). Finally, an accurate survey of cellulose content and fiber-like material across various 
processes would also provide crucial information for assessing the plant-wide benefits of 
RBFs in water resource recovery facilities.  
3.2 Methodology 
 Laboratory-scale sequencing batch reactors study 
Two SBRs with a capacity of 2 L were set up in the laboratory to treat raw wastewater and 
RBF effluent, at room temperature (22 oC- 24 oC). Raw wastewater was collected from 
water resource recovery facility (A), London, Ontario. RBF effluent was collected from an 
RBF pilot that was being operated at the same treatment plant. The SBR receiving raw 
wastewater was set up with a fill ratio of 0.35 and a treatment capacity of 2.8 L/d. The other 
SBR receiving RBF effluent wastewater was set up with a fill ratio of 0.5 and a treatment 
capacity of 5 L/d. Table 3.2 summarizes the operational parameters for both SBRs. SRT of 
10 days was manually controlled by wasting sludge at 200 mL/d from both SBRs. Both 
SBRs were dosed with 10 mg/L FeCl3 to achieve an effluent TP of less than 1 mg/L. At 





liquor, and effluent of both SBRs were analyzed for TSS, COD, total nitrogen, ammonia 
(NH4
+-N), total phosphorus, and cellulose.  
Table 3.2. Operational parameters and cycle time break up for the SBRs 
Operational 
parameters 
Unit Raw wastewater 
(RWW)-SBR 
RBF-SBR 
Fill ratio _ 0.35 0.5 
Number of cycles Cycles/day 4 5 
SRT Day 10 10 
Treatment capacity L/day 2.8 5 
Volume of reactor L 2 2 
Cycle time breakup    
Fill period Hour 0.25 0.15 
Anoxic period Hour 1 0.75 
Aerobic period Hour 3.5 3 
Settle period Hour 1 0.75 
Decant period Hour 0.25 0.15 







 Full-scale wastewater treatment plants studies 
The North American facility (B) selected for this study is located in London Ontario 
(Canada). It has an annual average flow rate of 117,000 m3/day and three treatment trains 
comprising primary clarification and conventional biological treatment (aeration tanks + 
secondary clarifiers). In summer, alum is used as a coagulant to enhance primary 
clarification and partially remove phosphorus. The average SRT was 7 days.  
Cellulose characterization measurements were conducted by collecting samples during the 
summer period (T=24.8 oC) from one of the three trains treating a flow rate of 28,000 m3/d 
or 24% of the whole treatment plant. The overall process layout is reported in Fig. 3.1. Grab 
samples were collected twice a day, in the morning and in the afternoon, at seven plant 
locations as illustrated in Fig. 3.1. The measurements were extended over three days, for a 
total number of 42 samples. The experimental campaign was repeated at the end of the 
winter season (T= 13.7 oC), in order to study the possible impact of temperature, with 
another two sets of samples (14 samples) collected and analyzed for cellulose content and 
other standard water quality parameters.   
 
Figure 3.1. Treatment process layout and sampling scheme for the London Ontario 
facility 
The European treatment plant selected for this study is located in Aarle-Rixtel (The 





treatment trains, with the process schematic reported in Fig. 3.2. Each train operates with 
an average SRT of 14 days and treats an annual average flow of 65,000 m3/day.  
The first train is preceded by an RBF, while the second train does not have primary 
treatment; thus, raw wastewater is directly fed into the biological process after grit and fate 
removal. By design, the raw wastewater was divided equally, with 50% of the flow directed 
to the RBF train and followed by biological treatment, while the remaining 50% bypasses 
primary treatment and biologically treated directly by the MUCT process, followed by the 
secondary clarifiers. The sludge lines from the two parallel trains were independently 
operated, thereby making these two trains de facto isolated treatment plants fed by the same 
raw wastewater. During the plant survey conducted the end of the summer (water 
temperature =20.5 oC), seven composite samples from the locations illustrated in Fig. 3.2 
were collected every day for five days (i.e., the total number of samples was 35) and 
analyzed for cellulose content and other standard water quality parameters. 
 







 Analytical methods 
TSS and cellulose were measured for the collected samples from both treatment plants. TSS 
was measured following Standard Methods (APHA, 2005). Cellulose was measured 
following the method (Gupta et al., 2018), using the Schweitzer reagent as a solvent for 
cellulose, following which cellulose is determined gravimetrically. The method consists of 
several steps to ensure that only cellulose is selectively separated from a variety of organics 
and inorganics in the solution. The required chemicals for this analysis include the 
Schweitzer reagent, concentrated sodium hydroxide (50%), ethyl alcohol (80%) and 
hydrochloric acid (1.25%). It must be asserted however the aforementioned method was 
verified for α-cellulose and cellulose concentrations of 500 to 8000 mg/L. However, no 
detection limit was proposed and verified in the aforementioned study and hence its 
reliability for low cellulose concentrations has yet to be verified.  
3.3 Results and discussion 
 Laboratory-scale sequencing batch reactor study 
Table 3.3 summarizes the TSS concentrations, cellulose concentrations, TSS masses, and 
cellulose masses for both SBRs. At steady-state conditions, both SBRs achieved COD, TN, 
ammonia, and total phosphorous removal efficiencies of 88%, 52%, 93%, and 77% 
respectively (Appendix A, Tables A3.1a, and A3.1b).  
Cellulose content in the raw wastewater was 29% of the TSS. RBF showed a cellulose 
removal efficiency of 76%±2% and TSS removal efficiency of 35%±2%. Cellulose 
biodegradability in both SBRs was calculated from cellulose mass balances around the 
SBRs. For the SBR fed by raw wastewater, the influent cellulose loading rate was 118±13 
mg/day while the effluent cellulose loading rate (SBR effluent+ SBR waste) was 17±2 
mg/day, showing a degradation efficiency of 86%±2%. Cellulose concentration in the 
secondary SBR effluent was in the range of 2-3 mg /L.  
For the second SBR fed by RBF-filtered wastewater, the influent cellulose loading rate was 
50±10 mg/day while the effluent cellulose loading rate was 19±3 mg/day, showing a 





secondary SBR effluent was in the range of 2-3 mg /L. This reflects the presence of a non-
settleable and non-biodegradable cellulose in the wastewater. Also, the experimental 
evidence that both SBRs produced a cellulose effluent concentration in the same range may 
indicate that the cellulose biodegradability could be slightly underestimated due to 
insufficient, yet realistic, cellulose content in the real wastewater used in this study. The 
cellulose content in the activated sludge ranged 1% to 2% of the TSS; reflecting that 
cellulose was biodegraded in both SBRs.  
Table 3.3. TSS, and cellulose concentrations, and masses for both SBRs 














1 Raw wastewater 
(RWW) 
145±2  42±5  407±4 118±13 
2 RBF effluent 95±3 10±2 475±15 50±10 
3 RWW-SBR 
effluent 
9±2 2±0 23±5 6±1 
4 RBF-SBR 
effluent 




54±4 482±12 11±1 
6 RBF-SBR waste 2,120±17 19±6 424±3 4±1 






 North-American full-scale study (London Ontario, Canada 
WWTP) 
Figure 3.3 shows the treatment flow diagram with the TSS and cellulose concentrations as 
measured at the various sampling locations. The same data are reported in a numeric format 
in Table 3.4.  
 
Figure 3.3. TSS and cellulose concentrations for the London Ontario WRRF 
Average cellulose concentrations in the influent and primary effluent were 126±24 mg/L, 
and 18±13 mg/L, respectively, corresponding to a cellulose removal efficiency of 86% 
while clarifier TSS removal efficiency was 67%. In order to estimate the cellulose 
biodegradability, two approaches were used.  The first entailed the use of mass balance 
around the biological system (Fig. 3.4). In order to perform mass balances for cellulose, 
daily flow rates (as observed during the days of sampling campaign) were obtained from 
the plant flow meters for influent, WAS, and RAS (Table 3.4). The influent cellulose 
loading rate to the secondary treatment was 334±244 kg/day, while the effluent (combining 
both liquid and WAS) was 104±40 kg/day, implying that 276±206 kg/d of the cellulose 
was biodegraded through the secondary treatment (i.e., 70%±10% of the primary effluent 






Figure 3.4. Cellulose mass balance around the secondary treatment (London ON 
WRRF) 
The second approach for estimating cellulose biodegradability was based on a comparison 
of its concentration in the mixed liquor with the theoretical concentration that a hypothetical 
substrate with 0% biodegradability (or, 100% non-biodegradability) would have had. 
According to a theoretical mass balance for a non-biodegradable substrate, excluding the 
rate of non-biodegradable volatile suspended solids (nbVSS) production from the cell 
debris, any non-biodegradable substrate would accumulate in a biological system by a 
factor of SRT/HRT (Metcalf & Eddy, 2002).  Thus, using an SRT of 7 days and an HRT 
of 8.6 hours for the biological reactor (as recorded during the sampling period), the 
estimated theoretical concentration of cellulose (assumed to be 100% non-biodegradable) 
in the aeration tank would have been 345±248 mg/L. When compared with the actual 
concentration of 32±23 mg/L measured in the mixed liquor, this indicates a biodegradation 
efficiency of 90±4%. It should be noted that both approaches used to estimate cellulose 
biodegradability produce an estimate in good agreement with each other. Moreover, the 
estimated cellulose biodegradability correlates well with the results obtained in the SBR 
experiments reported in the previous section. As shown in Table 3.5, the non-settleable and 
non-biodegradable cellulose concentration was around 3 mg/L or 2.4% of the raw 
wastewater cellulose, a value that is in excellent agreement with the laboratory studies 





To better understand the fate of cellulose in the primary treatment process, batch settling 
tests were conducted using a 3.65 m high, 0.15 m internal diameter settling column with a 
working volume of 65 L (Appendix A, Fig. A3.1). Results showed that 43% of the influent 
cellulose was neither in the effluent nor in the primary sludge (Table 3.4).  
Table 3.4. Results from the raw wastewater column settling test 



















































65 ±7(2) 338 
±4(2) 







Middle  89 
±1(2) 
64 ±1(2) 337 
±2(2) 









63 ±4(2) 336 
±1(2) 







Floatables _ _ _ _ 1.20 -  -  0.05 ±0.01 
Closure% _  _ _ _ 106 101 94 91 








It must be asserted that the TSS removal efficiency by primary treatment in the full-scale 
plant averaging ~ 67% was consistent with the 70% observed in the column test, although 
the full-scale cellulose removal efficiency of 85% was slightly lower than that observed in 
the settling column (96%). Column test results indicated that the cellulose in the effluent 
and primary settled sludge accounted for only 57% of the raw cellulose, with the remaining 
43% accumulated in the central portion of the column (representing the middle part of a 
primary clarifier). This poor settleability of cellulose fibers emphasized by the column test, 
in combination with potentially unsteady operations of the primary clarification unit due to 
variability in influent flowrate and intermittent underflow pumping, could explain why the 
cellulose mass balance around the primary clarifier did not close, with the primary sludge 
and primary effluent cellulose loading accounting for only 43% of the influent cellulose.  
The correlation between TSS and cellulose loading rates for the influent, primary effluent, 
and primary sludge samples showed regression with a correlation coefficient of an R2 of 
0.75, and a slope of 0.31, implying that cellulose accounts for 31% of the influent TSS (Fig. 
3.5). On the other hand, the regression between TSS and cellulose loading rates for the 
MLSS and WAS samples showed regression with an R2 of 0.81 and a slope of 0.014, 







Figure 3.5. Statistical correlation between TSS and cellulose loading rates for 
influent, primary effluent, and primary sludge  
  
 
Figure 3.6. Statistical correlation between TSS and cellulose loading rates for the 





Table 3.5. TSS, and cellulose concentrations, loading rates, and flow rates for the 












Unit mg/L mg/L m3/day kg/day kg/day 
1- Influent 342±48 (6) 126±24 (6) 18,838±2,543 6,483±1,497 2,384 ±602 
2- Primary 
Effluent 








16±5 (6) 3±1 (6) 
 




21,550±3,762 (6) 3,556±1,162(6) 208±81 4,324±1,060 699±194 
6- WAS 6,727±1,488 (6) 67±54 (6) 642±110 4,223±610 42±35 
7-Thickened 
WAS  
41,217±11,163(6) 124±68 (4) _ _ _ 
a Values represent average± standard deviation, and numbers within parenthesis are the number of samples. 
b Influent, WAS, RAS average daily flow rates, for the measurement days, were obtained from the treatment 






 European full-scale study (Aarle Rixtel, the Netherlands 
WWTP) 
Figure 3.7 shows the treatment flow diagram with the TSS and cellulose concentrations as 
measured at the various sampling locations. The same data are reported in a numeric format 
in Table 3.6. 
 
Figure 3.7. TSS and cellulose concentrations; Aarle-Rixtel WRRF (in green: train 1 
with RBF primary treatment; in brown: train 2 with no primary treatment) 
Average cellulose concentrations in the influent and primary effluent (in this case, for the 
line operating with micro screening by RBF) were 89±31 mg/L, and 16±6 mg/L, 
respectively, corresponding to a cellulose removal efficiency of 79% while TSS removal 
efficiency was 28%. This confirms the highly-selective removal of cellulose of the RBF 
reported by (Ruiken et al., 2013). RBF historical data showed removal efficiencies of 11%, 
7%, and 7% for SCOD, TN, and TP respectively.  
By comparing the primary sludge characteristics produced by the RBF at the European 
plant with the primary sludge produced by primary clarifiers at the North American plant, 
the RBF sludge was more than double the cellulose content per unit mass of TSS compared 





variability in the cellulose contents displayed by the primary sludge produced by primary 
clarification was much higher than the one associated with RBF sludge. 
Similar calculation approaches as previously described for the North American case study 
were applied to estimate the cellulose biodegradability in the European case. The daily flow 
rates, reported in Table 3.3, for influent, WAS, and RAS, on the days of measurements, 
were taken from the plant flow meters while the RBF sludge flow rate was calculated based 
on the TSS mass balance around the RBF.  
The average cellulose concentration in the influent (measured in the grit chamber effluent) 
feeding the two parallel treatment trains was 75±43 mg/L. Figures 3.8 and 3.9 show the 
mass balances around secondary treatment trains 1 and 2. 
For train 2 (train with no primary treatment), the cellulose influent loading rate to the 
biological system was estimated at 1,919±1,047 kg of cellulose per day, while the one 
exiting from the system (i.e., obtained by summation of the two loads associated with 
secondary effluent and waste activated sludge) was 301±133 kg of cellulose per day. This 
implies that 1,619±1,012 kg/d of cellulose was biodegraded through the secondary 
treatment (corresponding in percentage to 82±10% cellulose degradation efficiency). This 
value is confirmed by the alternate calculation for estimating biodegradability (i.e., a 
method based on accumulation ratio as a function of SRT/HRT). Indeed, for an SRT of 14 
days and the HRT of 18 hours, the cellulose biodegradation efficiency was found to be 
89%±6%.  
For train 1 (the train with RBF as primary treatment process), the mass-balance method 
reflected cellulose biodegradability of 27%±19%, based on cellulose load entering the 
secondary treatment of 373 ±112 kg of cellulose per day and a combined (secondary 
effluent and waste activated sludge) cellulose load exiting the biological system of 273±119 
kg cellulose per day.  It should be noted that this value is considerably lower than the one 
estimated using the accumulation method, which indicated an estimated cellulose 
biodegradability of approximately 65% ±13%. As discussed in the laboratory results, this 
apparent drop in cellulose degradation efficiency observed in the case with RBF could be 





secondary system, and its impact in determining biodegradability with accuracy; (b) the 
presence of a non- biodegradable, non-settleable cellulose fraction and (c) a detection limit 
of the cellulose quantification method used in this study when applied to secondary effluent. 
This implies that the measured cellulose biodegradation efficiency (especially in with 
highly efficient primary treatment for cellulose) should be regarded as “apparent” rather 
than “intrinsic” to substrate characteristics. This could also explain the relatively wide 
range of biodegradation efficiencies reported in other studies (Table 3.1). 
The simultaneous TSS and cellulose measurements conducted in this work allowed to 
establish an abundance ratio between TSS and cellulose loading rates for the raw influent, 
the grit chamber effluent, the RBF effluent, and the RBF sludge as revealed by linear 
correlation analysis (R2=0.8441, and a slope of 0.3282). The latter implies a cellulose 
content of 33% of the influent TSS (Fig. 3.5).   












Unit mg/L mg/L m3/day kg/day kg/day 
1- Raw 294±59 (4) 89±31(5) 51,546±9,401 15,320±5,464 4,671±2,302 
2- Grit 
effluent 
200±35 (4) 75±43 (5) 51,546±9,401 10,158±1,890 3,737±2,041 
2- 1st train 
influent 




































6,319±172 (5) 118±37 (5) 63,265±8,560 400,118±57,446 7,500±2,492 
7- WAS 1 10,366±937 
(5) 
150±71 (4) 1,259±283 13,069±3,440 208±127 
7- WAS 2 10,482±635 
(5) 
195±61 (5) 1,242±254 12,937±2,328 246±109 
Secondary 
effluent 1 
12±4 (5) 2.7±0.9 c 23,728±4,454 296±150 65±33 c 
Secondary 
effluent 2 
10±7 (5) 2.1±1.6 c 25,276±5,294 249 ±191 55 ±42 c 
a Values represent average ±standard deviation, and numbers within parenthesis are the number of samples. 
b Influent, WAS, RAS average daily flow rates, for the measurement days, were obtained from the treatment 
plant flow meters. Primary sludge flow rate was calculated based on TSS mass balance for the primary 
clarifier. 
c The secondary effluent cellulose concentrations and loading rates were estimated to be equal to 22% of the 






Figure 3.8. Cellulose mass balance around the secondary treatment of Train 1 
 
 
Figure 3.9. Cellulose mass balance around the secondary treatment of Train 2 
 Role of water temperature 
In order to check the effect of temperature on cellulose biodegradation efficiency, a second 
sampling event was organized at the end of the winter season for the North American plant 
located in London Ontario, Canada. TSS, cellulose measurements, flow rates, and loading 
rates for the two sets of winter samples are shown in Tables 6a and 6b. It must be mentioned 
that the estimated primary sludge flow rates were confirmed by a total phosphorus (TP) 






TSS removal efficiencies in the primary treatment ranged from 69% to 77% while cellulose 
removal efficiencies were in the 87%-92% range. The cellulose content of the primary 
sludge was comprised between 10%-17% of the TSS, which was in line with the summer 
samples and the lack of selectivity for cellulose already observed for the primary clarifier 
(Table 3.5). During this sampling event, the ratio between cellulose and TSS concentration 
in the influent dropped to 20%, indicating a dilution effect associated with higher plant flow 
rates recorded for the winter sampling.   
Cellulose biodegradability for the winter samples was estimated using the two 
aforementioned calculation approaches (mass balance and accumulation method). Using 
mass balances, the influent to the secondary treatment was estimated to be 377 kg/day, 
while the combined cellulose loading leaving the secondary process (effluent+WAS) was 
91 kg/day (Table 3.7). This implies that 76% of the primary effluent cellulose was degraded 
through secondary treatment. Similar biodegradation efficiencies were observed for the 
second set of samples collected during the winter experiment showing a 65% degradation 
efficiency (Table 3.8). Using the accumulation method with an SRT of 6 days and HRT of 
8.3 hrs for the first set of samples, the estimated theoretical concentration of the cellulose 
in the aeration tank is 312 mg/L, reflecting 90% degradation efficiency when compared to 
the cellulose concentration in the mixed liquor (32 mg/L). For the second set of samples, 
using an SRT of 4.6 days and an HRT of 6 hrs, the estimated degradation efficiency was 
92%.  
In summary, winter measurements showed comparable cellulose removal and 
biodegradation efficiency to what was observed in the summer samples. This suggests that 
seasonal difference in cellulose degradation efficiencies reported in previous studies may 
be due to several factors and not solely to water temperature.   
 Operational Cost Implications of Cellulose Removal in 
Primary Treatment 
To evaluate the impact of cellulose recovery by primary treatment, a cost analysis was 
conducted based on the following assumptions: (a) cellulose removal efficiency through 





is 80% in case of biological treatment preceded by primary treatment and 85% for without 
primary treatment. (c) anaerobic cellulose degradation efficiency is 70% (Behera et al., 
2018) and the WAS non-cellulose VSS reduction is 50% in the anaerobic digester. (d) 
biomass yield is 0.44 gVSS/gCOD. (e) average SRT in the secondary treatment is 10 days. 
(f) decay coefficient kd= 0.1 d
-1. (g) power consumption of 1 kWH/ kg O2, and energy price 
is Can$ 0.1 /kWh (https://www.ontarioenergyreport.ca/) and (h) sludge handling cost is 
Can$ 684 /dry ton solids (Vasileski, 2007). 
For a treatment plant receiving an influent cellulose loading rate of 1000 kg/day (80 MLD 
plant based on the London, ON cellulose concentration), cellulose recovered in primary 
treatment and WAS were calculated to be 816 kg/day and 38 kg VSS/day respectively 
(Figure 3.10). Since more cellulose was diverted towards anaerobic digestion, energy 
production was 7979 MJ/day while energy consumption was 424 MJ/day, showing a net 
energy advantage of Can$ 210/day. Overall sludge production of 267 kg TSS/day resulted 
in sludge disposal cost of Can$ 181/day, reflecting an overall benefit of Can$ 29/day. For 
the other treatment scenario where no primary treatment (Figure 3.11) cellulose recovery 
and biomass production were calculated to be 120 kg/day and 200 kg VSS/day, 
respectively. Hence, energy production was 3006 MJ/day while energy consumption was 
2250 MJ/day, showing a net energy advantage of Can$ 18/day. Sludge production rate and 
disposal cost were calculated to be 154 kg TSS/day and Can$ 527/day, respectively, 
reflecting an overall deficit of Can$ 509/day. Thus, cellulose diversion to anaerobic 






Figure 3.10. Impact of cellulose on sludge production rates and energy balance (case 
with primary treatment) 
 
 
Figure 3.11. Impact of cellulose on sludge production rates and energy balance (case 






Table 3.7. TSS and cellulose concentrations, loading rates, and flow rates for the 
















Unit mg/L mg/L m3/day kg/day kg/day kg/day 
Influent 445 134 21719 9665 259 2910 
Primary 
Effluent 




3210 32 36928 118539 _ 1181 
Secondary 
Effluent 
11 2.42 20948 230 _ 51 
Primary 
sludge 









51904 335 _ _ _ _ 
a Influent, WAS, RAS average daily flow rates, for the measurement days, were obtained from the treatment 






Table 3.8. TSS and cellulose concentrations, loading rates, and flow rates for the 
















Unit mg/L mg/L m3/day kg/day kg/day kg/day 
Influent 403 78 30168 12143 266 2346 
Primary 
Effluent 




2750 9 45440 124959 _ 407 
Secondary 
Effluent 
7.5 1.65 29365 220 _ 48  








44520 335 _ _ _ _ 
a Influent, WAS, RAS average daily flow rates, for the measurement days, were obtained from the treatment 








Based on the observation reported in this paper, the following conclusions can be made:  
As confirmed by the plant surveys conducted in two full-scale water resource recovery 
facilities located in different geographies (Canada and The Netherlands), the influent 
cellulose concentration in raw municipal wastewater represents approximately one-third of 
the influent total suspended solids. More specifically, raw wastewater cellulose accounted 
for 33%, and 31% of the TSS of the North American (Canada) and European (The 
Netherlands) water resource recovery facility, respectively. 
Both primary processes (gravity settling and micro-sieving) investigated in this study at full 
scale showed similar and very high cellulose capture rates (>80%). However, micro 
screening operated by RBF was able to selectively capture cellulose over TSS, the latter 
representing a considerable advantage for water resource recovery facilities aiming at 
cellulose recovery. As a result of this cellulose enrichment in the solid stream, cellulose 
content in the RBF sludge was almost twofold higher than primary clarifier sludge (RBF 
sludge was 35% by weight of TSS while that cellulose in primary sludge was 17% of the 
TSS).  
Laboratory study conducted in SBRs was found to be in good agreement with full-scale 
treatment plants observations. Specifically, both studies indicated a secondary effluent 
cellulose concentration of approximately 2%-5% of the raw wastewater cellulose, 
indicating the presence of a non-settleable non-biodegradable fraction of the influent 
cellulose.  
At the investigated conditions and within the temperature range spanning from 13.7 oC-
24.8 oC, cellulose was efficiently biodegraded during biological treatment irrespective of 
the biological process configuration (i.e. CAS vs. MUCT) and SRT (7 to 14 days), with all 
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Chapter 4  
4 Enzymatic pre-treatment for enhancement of primary 
sludge fermentation 
4.1 Introduction   
Wastewater treatment plants are increasingly required to meet more stringent discharge 
limits, which necessitates new strategies to simultaneously increase treatment efficiency 
and reduce operational costs. With increasing demand on resource recovery, the production 
of value-added chemicals including VFAs from fermentation of wastewater treatment 
biosolids for use in BNR processes is eliciting the interest of the wastewater industries (Ahn 
and Speece, 2006). According to Lee et al., (2014) temperature, solids retention time, pH, 
and organic loading rate are the main important factors influencing the VFA production 
from waste. The reactor pH is important since most of the acidogens cannot survive in 
extreme acidic (pH<3) or alkaline (pH>12) conditions (Liu et al., 2012). pH also impacts 
hydrolysis of sludge by providing more soluble materials for VFA production (Wu et al., 
2009). Increasing the temperature will generally increase the VFA yield and production 
rate (Bouzas et al., 2010) but despite the pH, temperature does not significantly impact the 
types of VFA generated (Lee et al., 2014). Some studies also showed that the mesophilic 
temperature (35 °C) is considered as the most efficient and economically favorable 
temperature for VFA production as the VFA yield was highest or similar with that in higher 
temperatures (Jiang et al., 2013). Long SRTs are advantageous to the VFA generation (Sans 
et al., 1995; Zhuo et al., 2012) although prolonged SRT is also reported to lead to stagnant 
VFA production (Fang and Yu, 2000; Lim et al., 2008). Generally, the production of VFAs 
increases with the increase of organic loading rate due to the increasing availability of 
substrate; however, the influence of organic loading rate seems inconsistent in the literature 
although it is rationalized by the presence of an optimum OLR primarily due to inhibitory 
effect of VFAs on fermentative bacteria (Lee et al., 2014). However, comprehensive studies 
focusing on evaluating integrated impacts of multiple parameters are still limited (Lee et 
al., 2014). Various pretreatment methods such as microwave, ultrasonic, thermo-alkaline, 
oxidation, and enzymes have been developed to promote dissolution of particulate organics 





costly and generally requires longer time compared to other physical-chemical methods 
(Lee et al., 2014). Recent advancements in industrial enzyme production along with 
increased costs in alternative technologies is making enzymatic pretreatment a more 
feasible option in some cases.   
Cellulose originating from toilet papers makes a significant portion of the organics in the 
influent accounting for 30%-50% of total suspended solids in the influent wastewater of 
the treatment plants (Ghasimi et al., 2015; Ruiken et al., 2013). The type of primary 
treatment process such as rotating belt filter versus primary clarification has a significant 
impact on the cellulose capture and carbon diversion (Gupta et al., 2018) and this difference 
in the organics content can potentially impact downstream processes. Compared to 
conventional primary sludge, RBF sludge is more consistent, more thickened  (Sarathy et 
al., 2015) and has a higher level of volatile solids (Behera et al., 2018) as well as cellulose 
content (Ahmed et al., 2019). These differences in characteristics of the sludges potentially 
impact the fermentation process including applied pretreatment and enhancement 
techniques. However, very few studies focused specifically on the fermentation of 
cellulosic sludge. Fermentation of cellulose-rich primary sludge (CPS) simulated by 
manual addition of soaked toilet paper to the primary sludge and concentrating the cellulose 
contents up to 70%-75% of dry solid mass, resulted in a maximum yield of 340 mg VFA 
(as COD)/g VSS at pH 8 and 37 °C in a batch system (Crutchik et al., 2018). The 
aforementioned authors also reported cellulose degradation of 32±2%, using a sequencing 
batch fermentation reactor (SBFR) under uncontrolled pH conditions. It was also reported 
that lignocellulosic materials lowered the anaerobic biodegradation rate of the kitchen 
waste (Marin et al., 2010); hence a higher cellulose content in the RBF sludge compared to 
that in the primary clarifier sludge (Ruiken et al., 2013), may negatively impact 
fermentability and VFA yield.  
To the best of our knowledge, a comprehensive enzymatic fermentation study focusing on 
the impact of cellulose content in the primary sludges has not been reported in the literature. 
Furthermore the significant differences of the two aforementioned sludges under different 
operational conditions (i.e. interrelated impact of enzyme, SRT, and temperature) has not 





the impact of sludge composition on fermentation process, and to evaluate the impact of 
enzyme pretreatment on VFA yield, and solubilization, during fermentation; and b) to 
assess the interrelated impact of enzyme, SRT, and temperature on fermentation, and to 
evaluate the denitrification potential of the final products (i.e. VFA-rich fermentates) by 
comparing their specific denitrification rates with those of commonly used commercial 
carbon sources. 
To achieve these objectives, the experiment was designed in several stages with the first 
two stages focusing on optimization of the fermentation conditions and the third stage 
focusing on batch denitrification tests. In the first stage, fermentation of primary and RBF 
sludges without any pretreatment under tested SRTs and temperature conditions was 
investigated and compared. Subsequently, the second stage investigated the impact of 
different doses of enzyme on VFA generation. Finally, the third stage, was designed to test 
SDNRs of the fermentates at the optimum temperature and SRT and compared them to the 
commonly used external carbon sources. 
4.2 Materials and Methods 
Two types of primary sludges were investigated in this study: (1) primary sludge and (2) 
sieved/rotating belt filter sludge. Sludge samples were collected from the Greenway 
Wastewater Treatment Plant (London, Ontario) with primary sludge collected from the 
main stream and RBF sludge from a large-scale pilot SF2000 (Salsnes, Norway) fed with 
the same influent to the treatment plant. For the two first stages of the experiment, the 
sludge was fed into the reactors without further processing. Considering the significant 
differences between the collected primary and RBF sludges (i.e. 19900±2600 mg/L TSS, 
and 40800±7300 mg/L TSS, respectively), in order to ensure that fermenters were operated 
at the same SRT and organic loading rates, in the third stage, the primary sludge was settled 
for about 4-5 hours in the lab, and thickened to achieve the same total suspended solids as 
the RBF sludge. Anaerobic digested sludge (ADS) was collected prior to each stage of the 
experiment from the Guelph wastewater treatment plant (Guelph, Ontario) and was 
incubated and degasified for one week in the AMPTS units (AMPTS II, Bioprocess 
Control, Lund, Sweden). The cellulase enzyme (product name Novozym 50199) used in 





recommended by the supplier was followed in this study for addition of the enzyme to the 
feed. This included the addition of enzyme to the fresh sludge and mixing continuously 
using a mechanical (propeller) mixer at 300 rpm for 10 minutes prior to daily feeding. 
 Comparison of the sludges fermentation 
To compare the fermentability of both aforementioned sludge types, a series of fed-batch 
fermentations experiment using either primary or RBF sludges in 500 mL reactors were 
conducted under either room or mesophilic temperature with selected SRTs of 1, 2 and 4 
days. A fixed volume of each reactor was wasted, and the same volume was replaced with 
fresh sludge to maintain the target SRT in the system. For the SRTs of 2 and 4 days, feeding 
and wasting were done once a day, while for the 1-day SRT, feeding and wasting was 
performed two times per day in respective reactors. Each condition was conducted in 
triplicates and continued for at least 5 SRT turnovers to reach stable conditions. To evaluate 
the actual capability of original sludges to generate VFAs, no further treatment or 
separation have been done on the collected sludges and the entire sludge were fed directly 
into the reactors based on the schedule throughout the experiment.  SRTs were maintained 
by controlling the volume of daily feed and waste, according to the feed plan. 
 Enzyme-enhanced fermentation 
To assess the impact of temperature, SRT, and enzyme dose on VFA yield and soluble 
COD production, and to determine the optimum conditions, a series of anaerobic 
fermentation experiments were conducted in several sequential stages using two sets of the 
AMPTS. Fermentation experiments for each condition was conducted in triplicates in series 
of 500 mL reactors. Similarly, all the reactors were initially seeded with digested sludge 
collected from the wastewater treatment plant and incubated to remove any residual 
substrate. Subsequently, the reactors were fed with either primary or RBF sludges at 
adequate amounts corresponding to SRTs of 1, 2 or 4 days.  The impact of enzymatic 
pretreatment was evaluated at three enzyme doses and at two different temperatures; room 
(25 °C) and mesophilic (35 °C).  A summary of the testing conditions is shown in Table 
4.1. Each experiment was continued until a clear stable condition (∆pH<0.2 and 





Table 4.1. Design of experiment summary for the optimization stage 
Conditions Room Temperature  Mesophilic Temperature  
Enzyme dose (% of TS) Enzyme dose (% of TS) 
Control fermentation No enzyme No enzyme 
Enhanced fermentation series 1  0.5% 0.5% 
Enhanced fermentation series 2  1% 1% 
Enhanced fermentation series 3 1.5% 1.5% 
 
 Enhanced denitrification 
To evaluate the denitrification kinetics, fermentates generated at the optimum conditions 
(i.e. SRT, temperature, and enzyme dose), were used and evaluated as carbon source. The 
proposed optimum fermentation conditions, as discussed later, were temperature of 25 °C, 
SRT of 2 days, and enzyme dose of 1%. Primary sludge was thickened by settling and 
decanting the supernatant to reach a total solids concentration equal to that of the RBF 
sludge. At the steady state condition, fermentates were collected and used directly to assess 
denitrification rates using 1 L (working volume) reactors. Return activated sludges (RAS) 
was collected from the Greenway WWTP (London ON) and characterized for COD and 
nitrogen species. The TSS and VSS of the RAS in the control reactor (5 times dilution) 
were measured at 1675 and 1125 mg/L, respectively. The entire non-filtered fermentate 
without further treatment was added into the reactors as carbon source. Based on the 
measured COD of the fermented sludge, the appropriate volume of sodium nitrate solution 
(concentration of 10,000 mg NO3-N/L) was added to the reactors to achieve a minimum 
initial COD:N ratio of 8 precluding carbon limitation. To evaluate the impact resulting from 
the enzymatic treatment, the COD:N was fixed for the control fermentate (without enzyme 
enhancement) and the same volume of the enzyme enhanced fermentate was added to the 
other respective reactor. The test was repeated with glycerol and methanol as two 





for denitrification. The results were compared against those of fermentates with the same 
COD:N ratio. A control batch was also tested with only RAS fed into the reactor (no extra 
carbon source provided) to check for potential contribution to denitrification from RAS, 
which then was accounted for in the SDNR calculations. To confirm the stability of the 
results, tests were duplicated with two sets of the fermentates collected from the 
fermentation reactors at steady state.  
 Analytical methods 
Total and volatile solids were measured using 1.2 µm filter papers according to the standard 
methods for the examination of water and wastewater (APHA, 2017) on a weight basis 
(g/L). pH was measured using a pH meter (Model 420A, Orion Research, USA). Different 
HACH methods were used to characterize the total and soluble fraction of the samples, 
including chemical oxygen demand (COD, 200–15000 mg/L, method 8000), total volatile 
fatty acids (total VFA, 50–2500 mg/L as acetic acid, TNT872 kits), and nitrogen (10–
150 mg/L, method 10071). To characterize the soluble fraction of the samples, such as 
soluble COD, soluble nitrogen, and total VFAs, samples were centrifuged, and the resulting 
supernatants were filtered through sterile 0.45 μm membrane filter papers (VWR 
International, Canada). All vials were measured using HACH DR/2000 spectrophotometer. 
Samples were shipped to certified external laboratories for alcohols (ALS Environmental 
(Waterloo, ON)) and VFA species analysis (ALS Environmental, Winnipeg, MB), using 
GC/MS following EPA 8015C and ASTM D-2908-91 methods respectively. Cellulose was 
measured following the method of Gupta el al. (2018), using the Schweitzer reagent as a 
solvent for cellulose, following which cellulose is determined gravimetrically.  
4.3 Results and discussion 
 RBF and primary sludge fermentation 
Table 4.2 summarizes the COD and solid concentrations of the sludges and inoculum used 
in the experiment. Various fresh sludge samples were collected at different stages of the 
test and hence the characteristics of the sludges varied. However, this variability in 
characteristics was still limited during each single stage of the experiment. Based on the 





lower than that of primary sludge which is partially due to the higher cellulose content in 
the RBF sludge (i.e. 37% of TS) compared to 18% detected in primary sludge. Additionally, 
the average pH and alkalinity of the RBF sludge (6.3±0.2 and 975 ±65 mg/L as CaCO3, 
respectively) were comparable to those of the primary sludge (6.2±0.1 and 1104±108 mg/L 
as CaCO3, respectively) throughout the entire experiment. 
Table 4.2. COD and solids concentrations of fresh primary, RBF, and anaerobic 
digested sludges  
Parameter / 
 Sludge type 
Primary  RBF ADS 
TCOD 28300±3200 (14)* 41500±1100 (17) 18500±2300 (6) 
SCOD 1550±320 (14) 1900±75 (17) 620±250 (3) 
TS 19900±2600 (14) 40800±7300 (17) 18600±3400 (6) 
VS 14100±1850 (14) 29200±2400 (17) 10500±2300 (6) 
Cellulose [mg/L] 
& [% of TS] 
[3600] & [18%] [15000] & [37%]  [140]& [0.75%]  
* Numbers within parenthesis indicate the number of samples.  
Results from all the three stages of the experiment were analyzed, and combined together. 
All the fermentation reactors were stabilized at a final pH ranging between 4.5 and 5.5. The 
relative standard deviations (RSD) of pH were about 13% and 10% for RBF and primary 
sludges, respectively. Clearly as mentioned due to the significant variable characteristics of 
the collected sludge at different stages of the experiment and volumetric feeding and 
wasting the sludge into and from the reactors, pH and VFA yield variations were considered 
as indicators of reactors stability. It should be noted that despite the variation in VFA and 
SCOD concentrations due to notably difference in the feed solids content, the VFA and 





SRT of 4 days reached a final steady-state pH of 4.8±0.1 for both RBF, and primary 
sludges, at the different temperatures.  The average final pH at 2 and 1-day SRTs were 
5.0±0.4 and 5.2±0.5 respectively, showing potentially a higher VFAs and acidification, at 
long SRTs.  
At room temperature, primary sludge fermentation generated total average VFAs and 
soluble COD concentrations of 2740±570 mg/L and 4970±800 mg/L respectively, for the 
different SRTs ranging from 1 to 4 days. The corresponding values for RBF sludge, were 
3240±950 and 7840±2900 mg/L, respectively. On the other hand, at mesophilic 
temperature, the fermentation at SRTs of 1 to 4 days, generated a total VFA and soluble 
COD of 3530±650 and 6300±730 mg/L, respectively for primary sludge and 4150±1430 
and 9200±3300 mg/L, respectively for RBF sludge.  As shown in Table 4.3, VFA yields 
for RBF sludge fermented at room temperature were 52, 69, and 103 mg COD/g VS (25 
°C) and 75, 94, and 154 mg COD/g VS (35 °C) at 1, 2, and 4-day SRTs, respectively.  The 
corresponding VFA yields for PS were 78, 129, and 192 mg COD/g VS at room 
temperature and 133, 201, and 256 mg COD/g VS for mesophilic temperature at 1, 2, and 
4-day SRTs, respectively. Although the aforementioned VFA yields indicate that the 
fermentability of the cellulose-rich RBF is generally lower than that of PS, at a certain SRT 
and temperature condition; contrarily the RBF sludge could still produce more VFA and 
soluble COD as mass per unit volume of the fermenter, due to its relatively higher solids 
content. In this study, the VFA concentration in RBF fermentates were 16%±14% higher 
than that in the PS fermentates at different SRT, and temperature conditions. This 
observation was more significant at longer SRTs where the VFA and SCOD concentrations 
in RBF fermentate were 32%±7% and 82%±5% higher than those of primary sludge 
fermentates. Additionally, the incremental VFA yields of the reactors fed with RBF sludge 
at mesophilic temperature, compared to room temperature, were greater than those 
incremental concentrations for the reactors fed with primary sludge under mesophilic and 
room temperature (i.e. 62±11 mg/L versus 33±16 mg/L on average at the different SRTs 
for RBF and PS sludges, respectively).  For the soluble COD, similar trends were observed 
for RBF and PS sludges, where the incremental SCOD concentration for these sludge types 
were 99±7 mg/L and 47±11 mg/L, respectively. This means that at the same operational 





temperature, will enhance fermentation of RBF sludge more efficiently than that of PS.  
Additionally, analyzing the yields at different SRTs and temperature, shows a more 
significant impact of temperature at lower SRTs, i.e. 52% improvement in yield at 1-day 
SRT compared with that of 46%, and 41% at 2 and 4-days SRTs, respectively. The degree 
of acidification (i.e. VFA:SCOD) for PS on average was 25% higher than RBF sludge. 

























25 103 267 69 173 52 123 
35  154 327 94 214 75 163 
Primary 
25 192 317 129 216 78 153 
35 256 409 201 316 133 258 
 
 Enzymatic fermentation optimization 
4.3.2.1 Fermentation of primary sludge  
The production of VFA at different operating conditions is summarized in Table 4.4.  These 
values represent all different conditions tested on primary sludge as substrate in terms of 
soluble COD production and VFA yields.  Enzyme addition proved to be efficient in the 
enhancement of fermentation and VFA production from primary sludge by increasing the 
VFA yield at both temperature and tested SRTs. At room temperature (25 °C) the VFA 
yield from primary sludge increased from 78, 129 and 192 mg COD/g VS for 1, 2 and 4-
day SRTs in control reactors (with no enzyme addition), to 108±25, 181±42 and 202±9 mg 
COD/g VS after enzyme addition at SRTs of 1, 2, and 4 days, respectively. Similarly, at 
mesophilic temperature (35 °C) the VFA yield increased from 133, 201 and 256 mg COD/g 
VS for 1, 2 and 4 days SRTs in control reactors (with no enzyme addition), to 169±23, 





respectively. The largest yields were observed in the reactors dosed with 1.5% of the 
enzyme with an exception of 4 days SRT where 1% of enzyme slightly outperformed by 
showing a larger VFA yield at both temperature conditions. In addition, enzymatic 
enhancement proved to be more effective at short SRTs and lower temperature compared 
to large SRTs and higher temperature. The highest improvement due to enzyme was 
observed at 2 days SRT and 25 °C with 62% and 88% enhancement in VFA and SCOD 
yield compared to the control reactors, respectively. These values were comparable with 
that of 1-day SRT but much higher than those for 4-days SRT (i.e. 10% and 13% for VFA 
and SCOD yields improvement). The lowest enhancement was observed at 4-days SRT and 
35 °C with only 5% and 10% improvements in VFA and SCOD yields, respectively. 

































0% 317 192 216 129 153 78 
0.50% 328 195 238 133 183 81 
1% 358 212 357 200 234 107 
1.50% 338 199 406 209 297 134 
35 
0% 409 256 316 201 258 133 
0.50% 416 242 368 205 311 145 
1% 451 269 532 272 334 172 
1.50% 394 228 492 273 410 191 
4.3.2.2 Fermentation of RBF sludge 
The production of VFA from RBF sludge at different operating conditions is summarized 





4.5 for enzyme treated reactors and around 5.0 for the control reactors. Similar to the 
fermentation of primary sludge, enzyme addition also enhanced the fermentation and VFA 
production of the RBF sludge. Enzymatic enhancement improved the VFA yield at both 
temperatures and tested SRTs. At room temperature (25 °C), VFA yield increased from 52, 
69, and 103 mg COD/g VS for 1, 2, and 4-day SRTs in the control reactors (with no enzyme 
addition) to 93±16, 105±6, and 188±28 mg COD/g VS, respectively. Similarly at 
mesophilic temperature (35 °C) the VFA yield increased from 75, 94, and 154 mg COD/g 
VS for 1, 2 , and 4-day SRTs in control reactors, to 141±20, 164±20, and 194±18 mg COD/g 
VS, respectively. Similar to primary sludge fermentation, the highest yields were observed 
in reactors dosed with 1.5% of enzyme dose with the exception of the 4-days SRT where 
the 1% enzyme dose slightly outperformed by recording a larger VFA yield at both 
temperature conditions. In addition, same as with primary sludge fermentation, enzyme 
enhancement proved to be more effective at shorter SRTs at mesophilic temperature 
compared to longer SRTs. The highest improvement due to enzyme was observed at 1-day 
SRT with 117% and 120% enhancement in VFA and SCOD yields, respectively, compared 
to the control reactors. These values were comparable with those of the 2-days SRT but 
higher than those for 4 days SRT (i.e. 93% and 116% for VFA and SCOD yields 
improvement). The lowest enhancement as expected was observed at 4-days SRT at 
mesophilic temperature with only 38% and 71% in VFA and SCOD yields improvement, 
respectively. For the 25 °C fermentation, however, the improvement due to enzyme were 
comparable at 1 and 4- day SRTs (106% and 104%) while interaction of SRT, enzyme, and 
temperature did not show such an enhancement with only 62% at 2-day SRTs.  Generally, 
as previously mentioned, the enzyme was more effective at lower temperature, and also 
more effective for the RBF sludge compared to primary sludge fermentation. Results, 
however, proved that enzymatic pretreatment enhanced the VFA and SCOD yields at 
different temperatures and SRTs. Both the temperature and SRT impacted VFA production. 
Longer SRTs and higher temperature resulted in a higher level of VFA and SCOD in the 
reactors for both sludge types. Similarly, a higher enzyme dose, in most cases, resulted in 






































0% 267 103 173 69 123 52 
0.50% 367 157 217 99 180 75 
1% 394 210 229 107 231 97 
1.50% 448 198 293 110 284 110 
35 
0% 327 154 214 94 163 75 
0.50% 321 178 298 142 253 123 
1% 419 213 361 168 302 137 
1.50% 560 190 463 181 359 163 
Acidification yield (ηa) is defined as the ratio of the cumulative total VFA (g COD) and 




∗ 100%         (4.1) 
Where SCOD is the cumulative soluble COD concentration (g) in the fermentate and VFA 
is the cumulative total VFA concentration (g COD). Based on the abovementioned 
equation, acidification of the RBF sludge during fermentation with different enzyme doses 
and at different SRTs was calculated at an average acidification yield of 47%±2.8% and 
49%±4.3%, at 25 °C and 35 °C, respectively. The corresponding acidification yields for 
primary sludge were 58%±1.8% and 58%±2.2%, at 25 °C and 35 °C, respectively. As 
shown, temperature did not have a significant impact on acidification. Additionally, 
enzyme enhancement also did not show a significant change in acidification since different 





However, sludge type seems to have a role in determining acidification, considering the 
lower acidification yields for RBF sludge relative to those for PS. 
 VFA speciation 
VFA analysis showed that acetic acid was the predominant component (34%-47%), 
followed by propionic and butyric acids in all the samples. The results are illustrated in 
Figure 4.1 as VFA (mg COD/L) in different fermentates. Acetic acid was shown to be the 
dominant VFA species in all the fermented sludges with 40%±6% of the total VFA as COD 
followed by propionic, butyric and valeric acids accounted for 35%±6%, 15%±8% and 6% 
of the total VFA as COD, respectively. Acetic acid is the primary VFA produced in the 
acidogenic fermentation of cellulose at mesophilic temperature followed by butyric acid 
(Gadow et al., 2013). Both sludges showed an increase in acetic and butyric acid 
concentrations with enzyme dose compared to the control fermentation.  Alcohols were not 
detected in the fermentates samples. 
 
Figure 4.1. Concentration of VFA species in the fermentates (SRT of 2 days, 35 °C) 
  Cellulose degradation 
To further investigate the degradation of the cellulose at different enzyme doses, a series of 





substrate at the 4-days SRT and tested for the cellulose content. Cellulose accounted for 
38% of the dried solids in the feed sludge while this ratio for the fermented sludge ranged 
from 18.2% (for 1.5% of enzyme enhanced RBF sludge fermented at 35 °C) to 29.9% (for 
the control reactor fed with RBF at room temperature). The cellulose removal efficiencies 
for the control and enzyme enhanced fermentation are summarized in Figure 4.2. The 
results show the direct impact of both temperature and enzyme dose on cellulose 
degradation with a maximum of 70% removal efficiency at mesophilic fermentation at an 
enzyme dose of 1.5% of dry solids. 
 
Figure 4.2. Cellulose removal efficiencies, RBF sludge fermentation at 25 °C (blue) 
and 35 °C (orange) 
The results confirms that the enzyme enhanced cellulose removal significantly. At 35 °C, 
enzyme addition improved cellulose removal efficiency relative to the control by an 
additional 18%, 32%, and 36% for 0.5%, 1% and 1.5% of enzyme addition, respectively. 
The corresponding values for fermentation at room temperature were 10%, 24% and 25%, 
for 0.5%, 1% and 1.5% of enzyme doses, respectively. This demonstrates the synergistic 
impact of temperature and enzyme on cellulose degradation. On the other hand, incremental 
increase in removal efficiency from 0.5% to 1% enzyme dose (i.e. 14% at both 
temperatures) was significantly greater than the respective incremental increase from 1% 
to 1.5% of enzyme (i.e. 1% only for fermentation at room temperature versus 4% for 





the time of experiment, compared to additional cellulose fermented and resulting VFA price 
of 0.98 USD/kg (Liu et al., 2018)), 1% enzyme dose can be proposed as an optimum dosage 
to efficiently enhance sludge fermentation. To further analyze the impact of enzyme on 
cellulose degradation, for primary sludge, a regression model was fit to the experimental 
cellulose degradation versus enzyme to initial cellulose concentration ratio at a 4-days SRT 
obtained for RBF sludge. The data fitted well with first order regression models at both 
temperature with R2 of greater than 90% (Fig 4.3). Using these regression models, the 
respective cellulose degradation for primary sludge fermented at 2 days SRT and 25 °C 
were calculated at 36%, 40%, 44%, and 48% for 0%, 0.5%, 1.0% and 1.5% enzyme doses, 
respectively. The corresponding values for primary sludge fermented at 35 °C, were 37%, 
43%, 48%, and 54%, for 0%, 0.5%, 1.0% and 1.5% enzyme, respectively.  
 
Figure 4.3. Correlation between cellulose degradation and enzyme/cellulose ratio at 
25 °C (blue) and 35 °C (orange) during RBF sludge fermentation 
To further investigate the specificity of enzyme to cellulose degradation, the experimental 
volatile solids destruction and cellulose removal were calculated and compared. RBF 
sludge results showed an average VS destruction of 11230±2160 mg/L during enzymatic 
fermentation, with a corresponding cellulose reduction of 10050±1580 mg/L. This means 
that almost 90% of the VS destroyed due to the enzyme addition, were directly due to 





 Batch denitrification 
Denitrification tests were conducted in batch systems to compare denitrification potential 
of the fermentates against commonly used commercial carbon sources. The results showed 
that all the fermentates except for RBF fermented sludge with enzyme enhancement could 
reach to comparable denitrification rates to those obtained from the standards, indicating 
their potentials to enhance the BNR process. However, no significant change due to the 
enzyme treatment at fermentation stage were observed for either primary or RBF sludges. 
Table 4.6 summarizes the denitrification rates and specific denitrification rates based on 
the biomass (i.e. RAS) VSS, for the fermentates compared with methanol, glycerol, and 
acetate. These SDNRs indicate that the performance of fermented primary sludge was 
better than that of methanol and glycerol but slightly lower than acetate. Enzyme treated 
RBF sludge showed the lowest SDNR, possibly due to the very high butyric acid content, 
comprising 27% of the VFA compared with 11% for the other fermentates (Fig. 4.4).  
Table 4.6. Specific denitrification rates for fermentates and standard- fed reactors 














































































Maximum denitrification rate 
 (mg NO3-N /L)/h) 
20.4 17.9 17.0 7.7 24.0 13.5 9.3 
Specific denitrification rate 
 (mg NO3-N /mg VSS)/d) 






Figure 4.4. Enhanced denitrification by fermentates, commercial chemicals and 
acetate as carbon sources 
 Analysis of variance using response surface methodology   
To further investigate the interactions and interrelated impact of multiple parameters on 
fermentation, RSM design was used in developing a statistical model for solubilization and 
acidification of primary and RBF sludges. VFA and SCOD yields were considered as 
response functions incorporating temperature, SRT, and enzyme dose as three independent 
variables. The experimental data obtained from different stages of the experiment, were 
fitted by the following regression: 
Y=b0+∑𝑏𝑖𝑥𝑖 +∑𝑏𝑖𝑗𝑥𝑖𝑥𝑗                                                                              (4.2) 
Where Y is the modeled (predicted) response, b0 is the intercept and bi are regression 
coefficients. xi represent the operational conditions i.e. SRT (days), enzyme (% of TS) and 
temperature (°C), used in the model. This is a modified quadratic regression model in terms 
of real values. The model parameters were estimated fitting the experimental results to the 
model as mentioned using computer software (Design Expert, 2019). The regression 
equation is considered significant if the calculated F value is greater than the respective 




































4.3.6.1 Primary sludge regression model: 
In the case of primary sludge fermentation, a reduced quadratic model was shown to fit the 
experimental results. Using ANOVA analysis x1, x2, x3, x1x2, x1² were shown to be 
significant model terms. P-values greater than 0.1 indicated those model terms which were 
not significant and hence have not been included in the regression model. For the VFA 
yield, F value calculated for the model was 42.5 implying that the model was significant. 
There was only 0.01% probability that F value this large can occur due to noise. Eq. 4.3 
shows the regression model for VFA yield. 
VFA yield=-215.8+146.7 SRT+70.0 Enzyme+6.0 Temp.-16.2 SRT*Enzyme-20.6 SRT2         (4.3) 
For the SCOD yield, the calculated F value for the model was 28.7 implying that the model 
was significant. Eq. 4.4 represents the regression model for SCOD yield. 
SCOD yield=-316.5+206.7 SRT+161.1 Enzyme+10.6 Temp.-34.4 SRT*Enzyme-29.5SRT2   (4.4) 
Figure 4.5 shows the VFA and SCOD yield contours as a function of SRT and enzyme dose 
for fermentation of primary sludge at 25 °C and 35 °C generated based on the predicted 
output of the regression model. This figure illustrates that both VFA and SCOD yields 
improve smoothly with respect to the SRT and enzyme dose at lower values (i.e. SRT<3 
days and enzyme dose<0.7%), although it should also be noted that the VFA and SCOD 
yields depicted an optimum in the high enzyme-long SRT range. The occurrence of such a 
peak in VFA and SCOD yields, may be due to an inhibitory or toxic impact of enzyme 






Figure 4.5. VFA (top) and SCOD yields (bottom) as function of SRT & enzyme dose 
for fermentation of primary sludge at 25 °C (a& c) and 35 °C (b& d) 
 
Analysis of the coefficients representing the expected change in response function per unit 
change in factor value when all remaining factors are held constant, proved that change in 
SRT has a more significant impact on the VFA yield (with the maximum rate of change at 
lower SRTs), followed by changes in temperature and enzyme dose. For SCOD, the impact 
of enzyme was more significant, followed by comparable impact of temperature and SRT. 





compared to lower values. Additionally, an average VIF (variance inflation factor) of 
1.02±0.02 for both SCOD and VFA models indicates a good correlation of the factors 
(Design Expert, 2019).   
4.3.6.2 RBF sludge regression model: 
Similarly, for the RBF sludge fermentation, a reduced quadratic model was shown to fit 
well the experimental VFA yield results. Using ANOVA analysis x1, x2, x3, x1x3, x2² were 
shown to be significant model terms. P-values greater than 0.1 indicated the model terms 
which were not significant and hence were not included in the regression model. For the 
VFA yield, F-value calculated for the model was 50.2 implying that the model was 
significant. There was only 0.01% that F-value this large can occur due to noise. Eq. 4.5 
shows the regression model for VFA yield. 
VFA yield= -138.9+52.2SRT+97.5Enzyme+5.8Temp.-0.93SRT*Temp.-34.5Enzyme2              (4.5) 
For the SCOD yield, two factor interaction (2FI) model was well fitted to the SCOD yields 
with F value of 79.3 indicating that the model was significant. There was only 0.01% that 
F value this large can occur due to noise. Eq. 4.6 represents the regression model for SCOD 
yield. 
SCOD yield=-2.86+50.8 SRT-29.6 Enzyme+3.1 Temp+5.1 Enzyme*Temp.                                       (4.6) 
Figure 4.6 shows the VFA and SCOD yield contours as a function of SRT and enzyme dose 
for fermentation of RBF sludge at 25 °C and 35 °C based on predicted output of regression 
model. Both the VFA and SCOD graphs show a direct impact of all the independent 
parameters.  For the VFA yield, similar to primary sludge fermentation, ANOVA showed 
a higher impact of SRT change compared to change in enzyme dose and temperature on 
the yield enhancement. However, unlike the primary sludge, the impact of the enzyme dose 
was more significant than temperature for RBF sludge. Additionally, for the SCOD, similar 
to primary sludge fermentation, ANOVA proved that enzyme dose was the most significant 
factor impacting the yield. However, with respect to SCOD, the impact of SRT was more 
significant than temperature contrary to primary sludge fermentation where these two 






Figure 4.6. VFA (top) and SCOD yields (bottom) as function of SRT& enzyme dose 
for fermentation of RBF sludge at 25 °C (a& c) and 35 °C (b& d) 
 
Similarly, analysis of the coefficients revealed an average VIF value of 1.0±0.01 and 
1.0±0.00 for VFA and SCOD models, respectively, indicating a good correlation of the 
factors. In addition, this analysis shows that the change in SRT and enzyme, closely have 
more significant impacts on the VFA yield followed by changes in the temperature (unlike 
the primary sludge where the impact of enzyme was not as significant). Furthermore, all 





the regression model declines. For SCOD, the impact of enzyme was clearly more 
significant, followed by comparable impact of SRT and then temperature. Additionally, the 
synergistic impact of enzyme and temperature increases by an increase in these values. This 
shows that enzyme had a more significant impact on the VFA and SCOD yield of RBF 
sludge. This phenomenon was expected considering that RBF contained more cellulose 
than primary sludge. Finally, for the RBF sludge in terms of solubilization, SRT showed a 
more significant impact compared to temperature, contrary to primary sludge where 
temperature played a more significant role. 
4.4  Conclusions 
Both RBF and primary sludges showed higher VFA (and SCOD) yields, at mesophilic 
temperature. Average VFA yields were 116 (25 °C) and 151 (35 °C) for RBF and 156 (25 
°C) and 216 (35 °C) mg VFA/g VS for primary sludge. VFA concentration in RBF 
fermentate was 16% greater than that in PS. Enzyme enhanced fermentation, increasing 
VFA yields by 36% and 86% for primary and RBF sludges, respectively. Fermentates 
performed comparable with commercial carbon sources in the denitrification tests. While 
enzyme showed to be specific to cellulose degradation, the RSM model depicted an 
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Chapter 5  
5 Integrated fermentation and anaerobic digestion of 
primary sludges for simultaneous resource and energy 
recovery  
5.1 Introduction 
The Paris climate treaty ushered the coming of a new era focusing on low-carbon operation, 
carbon neutrality and even energy self-sufficiency in the water resource recovery facilities 
(Wei et al., 2018). Achieving these targets necessitates increasing efficient energy 
production as well as finding alternative sources of energy with lower greenhouse-gas 
emissions (Ramage, 2009). Consequently, the resource recovery approach is widely 
recognized now as a more enlightened waste management option compared to the 
conventional system which was only treatment oriented. Anaerobic digestion (AD) process, 
one of the most commonly used sludge stabilization methods (Wang et al., 2009), offers 
significant advantages over other stabilization methods such as generation of useful by-
products and lower energy demand (Demirel and Yenigün, 2002). However, despite the 
maturity of the technology, the added value of the biogas is still limited, motivating the 
development of alternative options that yield higher value end-products such as volatile 
fatty acids as an intermediate product through dark fermentation process (Kleerebezem et 
al., 2015). Compared to methane produced by anaerobic digestion of sludge, VFAs are 
more valuable products with potential applications such as biosynthesis of 
polyhydroxyalkanotes (PHAs) and subsequently bioplastics, enhancement of biological 
nutrient removal in wastewater treatment plants, and electricity production via microbial 
electrical cells (MECs) (Lee et al., 2014; Zhang et al., 2013) among others. VFAs are the 
ideal carbon sources for biological nutrient removal processes (Soares et al., 2010), 
meaning that further substitution of commercial carbon sources such as methanol with 
VFA-rich fermentate can not only decrease the operating cost of the plants significantly, 
but also enhances the treatment efficiency and provides a higher level of environmental 
protection.  Sludge treatment and disposal on the other hand accounts for a significant 





Yenigun, 2013; Pérez-Elvira et al., 2006; Saveyn et al., 2008), so simultaneous waste 
minimization and recovery of value-added products, by integration of fermentation and 
digestion (Lee et al., 2014), can facilitate both resource (VFAs) and energy (biogas) 
recovery and increase the overall economic efficiency of the treatment plants. Considering 
the control parameters impacting either of the two processes, techno-economic assessment 
of the integrated system relies on a variety of parameters. The optimization of this complex 
multi-variable system especially when operational parameters such as reactor volume, 
hydraulic and solids retention time, simultaneous VFA and methane recoveries, and sludge 
handling costs are also taken into account, has rarely been discussed in the literature within 
this context. Fermentation and extraction of soluble products impacts downstream 
processes, particularly anaerobic digestion unit. Research needs to further understand the 
extent to which the VFA recovery after sludge fermentation would impact the potential loss 
in methane value (Astals et al., 2015). On the other hand, the combined fermentation-
digestion system can potentially improve the overall biodegradability of the sludge by 
intensification of the hydrolysis stage through enhancing bioavailability of the organic 
matter (Astals et al., 2015). An optimal configuration of the sludge management system 
needs to consider not only the performance of individual units but also the overall 
interrelated costs and revenues. In this context, Astals et al. (2015) suggested that optimal 
configuration is influenced by two main factors: 1) The overall cost (capital and operating 
expense) of the extraction, and revenues obtained from VFAs use or sale, and 2) The impact 
on methane production. However, based on literature, still little attention has been paid to 
the interrelated impact of VFA recovery on the integrated process. This is technically 
governed by a series of different control parameters which varies significantly from the 
states in which any of the two systems may individually be optimized.  
Removal of primary solids is an important step in municipal wastewater treatment and plays 
a significant role in carbon neutrality and energy self-sufficiency in WRRFs. This can be 
accomplished through different options including conventional settling in a primary 
clarifier (PC) or a high-rate physical separation technology such as rotating belt filtration 
(Franchi et al., 2015). The physical treatment either by gravity separation approach (i.e., 
PC) or mesh-size technique (i.e., RBF), impacts downstream processes such as 





resource recovery (Sarathy et al., 2015). This can be linked to the different nature and 
concentration of organics in the two types of primary sludges as a result of utilizing 
different physical methods to separate organics. Due to direct disposal of toilet papers, 
cellulose has been indicated as a major component (25%-30%) of the particulate fraction 
of influent to wastewater treatment plants (Ramasamy et al., 1981; Ruiken et al., 2013). 
RBFs are reported to selectively capture the cellulose while achieving TSS removal 
efficiency of 30% to 60% (Franchi et al., 2015; Ruiken et al., 2013) compared to that of 
50% to 75% for primary clarifiers (Metcalf and Eddy, 2003). The cellulose contents of RBF 
was reported  by Ruiken et al., (2013) at 79% of the total solids mass, compared to between 
25% to 32% in the primary sludge, using microscopic examination. A recent study 
conducted by Ahmed et al., (2019) showed cellulose content   of 33% and 17% of the total 
suspended solids for RBF and primary sludges, respectively. The latter study used 
Schweitzer method as a verified experimental technique to measure cellulose content in the 
primary sludge (Gupta et al., 2018). Despite the variability of reported cellulose content of 
primary sludges, the higher content of cellulose in RBF sludge compared to primary sludge, 
suggests potential variability in downstream processes such as fermentation, VFA 
recovery, and anaerobic digestion. A comparative techno-economic study of such an 
integrated process is also lacking in the literature. 
 SRT, pH, and temperature are main operating parameters, among others, that control the 
anaerobic fermentation. The required SRT has to be long enough to promote acidification 
but short enough to suppress the growth of acetoclastic methanogens. Contrarily, prolonged 
HRT could lead to stagnant VFA production and a very low SRT may not be sufficiently 
long to promote hydrolysis of the sludge (Lee et al., 2014). Determining the suitable HRT 
(and SRT) is very critical also in view of the fact that operation with higher HRT requires 
a larger reactor size and hence, a greater cost (Demirel and Yenigun, 2004). Reactor pH 
impacts hydrolysis of sludge by providing more soluble materials for VFA generation (Wu 
et al., 2009). The reactor pH is also important since extreme acidic (pH<3) or alkaline 
(pH>12) conditions are toxic to acidogens (Liu et al., 2012). While the overall objective of 
this work is to assess the impact of VFA recovery after fermentation on anaerobic digestion, 
the study also addressed the impact of fermentation pH and SRT on solubilization, 





consisting of fermentation with VFA recovery combined with subsequent anaerobic 
digestion of residual solids for the two sludges (i.e. primary and RBF) was considered to 
study the impact of fermentation control parameters (SRT and pH). Fermentation was 
conducted in semi-continuous mode at mesophilic temperature and under different 
HRT/SRT scenarios. A new index, concentrated sludge volume ratio (CSVR), was also 
introduced to quantify the dewaterability of fermented sludge and to estimate sludge 
reduction and handling cost in techno-economic analysis. 
5.2 Methodology 
In the first stage of the experiment (batch fermentation), primary sludge was fermented in 
400-mL batch reactors in a swirling-action shaker (Max Q4000, Incubated and Refrigerated 
Shaker, Thermo Scientific, CA) operating at 180 rpm and maintained at a temperature of 
37oC for batch contact times (corresponding to hydraulic retention times in a continuous-
flow system) of 1, 2, 3, and 5 days. The inoculum (anaerobic digested sludge) to substrate 
ratio (ISR) was adjusted to 2.0 (mg VS/mg VS) for all the reactors. At the end of each time 
period, the entire fermentate was centrifuged (Beckman Coulter Allegra 6 Bench top, 
Hyland Scientific, USA), at 2400 g (2500 rpm for 15 minutes) to separate the solids and 
quantify the recoverable VFA-rich supernatant. Separated solids were then stored in the 
cold room (at 4oC) for a maximum of 4 days, prior to be used in the BMP test. A standard 
procedure was followed for all the BMP tests (Holliger et al., 2016).  
In the second stage of the experiment, the fermentation was operated under semi-
continuous mode for the two types of sludges (i.e. primary and RBF), in the same 400-mL 
reactors at 37oC at 1, 2 and 4 days SRT. A fixed portion of the volume was wasted and 
filled daily to maintain respective SRT in each reactor. The tests were continued until 
steady state conditions, as reflected by over 3 turnovers of the mean SRT and stable 
digestate quality, were achieved in all the reactors. Similarly, at the end of the experiment, 
the entire fermentate was centrifuged, at 2400 g (2500 rpm for 15 minutes); volume of 
supernatant and solids were measured; and solids were used as substrate in the BMP test. 
Each condition was tested in triplicates. BMP test was conducted following standard BMP 





Bioprocess Control, Lund, Sweden). Blank reactors (ADS only) were also run in triplicates 
to detect and deduct background gas production from the inoculum.  Methane yields  were 
calculated based on the average methane production in the AMPTS units in respective 
reactors at mesophilic temperature. The modified Gompertz model (Eq. 5.1) was used to 
describe the progression of cumulative methane production in the BMP tests (Zwietering 




*(λ-t)+1]}                                                               (5.1) 
where  𝐵𝑀𝑃(𝑡) is the cumulative methane production (mLCH4/g VS), 𝐵𝑀𝑃∞ is the ultimate 
methane production yield (mLCH4/g VS), Rm is the maximum methane production rate 
(mLCH4/g VS.day), λ is the lag phase time (days), t is the incubation time (d), and e = exp 
(1) = 2.718. 
The extent of biodegradability was calculated by comparsion of the theoretical methane 
potential neglecting the organic matter used for growth of microorganisms and biosynthesis 
as defined in Eq. 5.2 (Raposo et al., 2011): 
BD CH4 (%)= BoExp/BoTh *100                                                                                          (5.2) 
Where BoExp, and BoTh  represent the experimental ultimate methane production (mL) and 
theoretical methane potential based on initial total COD of the substrate.  
Considering that cellulose makes a major portion of the organics in the primary sludges 
(Ahmed et al, 2019), to further investigate the impact of cellulose on their BMPs, a separate 
experiment was conducted using the fresh RBF and primary sludges samples as substrates. 
Inoculum was collected and incubated for a period of one week before the experiment and 
BMP test was conducted at mesophilic condition (ISR of 2.0 mg VS/mg VS) for the two 
sludge types. A third series of reactors were filled with primary sludge having portions of 
their VS replaced and substituted by equivalent α-cellulose such that total cellulose 
concentration in these reactors was equal to the cellulose concentration of RBF-fed 





tested to measure the cellulose BMP under the same experimental conditions. Each 
condition was run in triplicates and the test was continued for 21 days.   
To study and compare the potential impact of pH-controlled fermentation on the two sludge 
types, a series of pH-controlled reactors were operated at mesophilic temperature and at 2-
day SRT. pH was maintained at either 4, 6, or 9, as well as uncontrolled as the base line. 
pH was monitored and adjusted once a day using either 2 M hydrochloric acid (HCL), or 2 
M sodium hydroxide (NaOH) solutions. The required volumes of acid or base were 
recorded, and the total volumes of the reactors were adjusted by addition of required 
volume of deionized (DI) water in each reactor.  Both sludge types were either thickened 
or diluted to reach to the same total solids (TS) concentration of 4% to eliminate the 
potential impact of solids concentration. The experiments were continued for 5-SRT 
turnovers and until clear steady state conditions were achieved in all the reactors.  
Experimental results were used in a techno-economic analysis to further investigate the 
value of integrated fermentation-digestion system with a single stage digestion. Two sludge 
process models with different primary treatment options (i.e. primary clarifier and RBF) 
were considered under four different scenarios. Scenarios Sc.1 to Sc.3 were for the 
integrated processes with VFA and methane recovery of residual solids under fermentation 
at 1, 2, and 4 days SRT while Sc.4 represented the digestion of the unfermented primary 
sludge with only biogas recovery. A 100 million liters per day (MLD) wastewater treatment 
plant was considered as a case study with some assumptions to simplify the assessment as 
defined in Appendix C. Initially, the daily operational costs of sludge handling and disposal 
were evaluated versus the overall revenue gained by VFAs and methane recoveries per each 
scenarios to compare the integrated fermentation –digestion with single stage digestion of 
non-processed sludges. Subsequently, a long term cost-benefit model for fermentation 
incorporating capital costs was used to determine payback periods for each scenario and 
evaluate viability of fermentation at large size treatment plants. 
 Sampling 
Both sludge samples were collected from the Greenway wastewater treatment plant 





from a large-scale pilot SF2000 (Salsnes, Norway). Inocula were collected prior to each 
stage of the experiment from the primary mesophilic digester at the Guelph wastewater 
treatment plant (Guelph, Ontario) and was incubated in the AMPTS unit for one week. The 
mesophilic anaerobic digester at Guelph WWTP is a completely mixed reactor with solid 
retention times of 14–18 days, and volatile suspended solids destruction efficiency of 45%. 
 Analytical methods 
Water quality parameters were measured for the collected samples for both sludges. TS, 
and VS were measured following standard methods (APHA, 2017) while total and soluble 
COD (TCOD and SCOD) and total VFAs were measured using HACH DR/2000 
spectrophotometer (methods # 8000, and 10240, respectively). All soluble samples were 
measured using filtrates through a 0.45 µm membrane filter (G N Metricel Membrane Disc 
Filters, Pall Laboratory). pH was measured by a digital pH meter (VWR, B10P, 
SympHony). Cellulose was measured following the Schweitzer method (Gupta et al., 
2018). Methane production was measured using the AMPTS units in which biogas from 
the test reactors was purified by passing through 3 M NaOH solution (containing 5 mL/L 
pH-indicator (Thymolphthalein 0.4%)) to absorb the CO2. 
 Statistical analysis 
The statistical analysis of the results was performed in Microsoft Excel (2013). Series of 
experimental data were compared using two-sample t-test to investigate whether the 
differences between the two series of data were statistically significant.  
 Techno-economic assessment 
To further investigate the impact of VFA recovery and evaluate the integrated fermentation 
and digestion process, a techno-economic analysis based on operating costs of each unit 
was conducted. The overall outcome (daily operational cost-revenue) of the integrated 
process was compared to that of a single-stage digestion of the fresh sludges. In order to 
calculate net daily operation cost of each scenario (DOCSc), overall sludge dewatering 
(Cdew) and disposal (Cdis) costs were evaluated based on total volume of sludge produced 





in the respective treatment option using experimentally obtained VFA and methane yields, 
reduction in the volume of processed sludge, and solids content. 
DOCSc.= Cdew + Cdis – (VVFA+ Vm)                                                                                              (5.3) 
To calculate the payback periods, the capital cost of the fermenter was compared against 
the revenue from the sale of produced VFA in each scenario. Overall investment cost was 
calculated by incorporating civil (Cciv), instrumentation (Cins), electromechanical (Cem), 
engineering (CE), and contingency (CC) costs. List of assumptions and further details are 
described in the Appendix C. 
5.3 Results and discussion 
 Batch fermentation and digestion of primary sludge 
5.3.1.1 Batch fermentation and VFA recovery stage 
Batch fermentation experiments were conducted using primary sludge as substrate for 1, 2, 
3 and 5-day contact times. The characteristics of the feed sludge, inoculum, and initial 
mixed sludge in the reactors are presented in the Appendix C (Table C5.1). The average 
TCOD, SCOD, TS, and VS of the primary sludge were 43800 mg/L, 1650 mg/L, 2.76% 
and 2.10% (VS-to-TS ratio of 0.76), respectively; with the TCOD and SCOD of the mixed 
sludge of 36700, and 1400 mg/L, in the reactors. Inoculum to substrate (ISR) ratio was 
adjusted to 2.0 (VS-based). At the end of each period, residual solids of the fermentates 
were separated from the liquid by centrifugation and were analyzed for VFA, and COD 
tests. Results showed that both SCOD and VFA concentrations increased linearly with time 






Figure 5.1. VFA and SCOD correlation with contact time in the batch fermentation 
The average VFA yield was 121±65 mg VFA/g VS with respective yields of 60, 82, 142, 
and 205 mg VFA/g VS, for 1, 2, 3 and 5-day contact times, respectively. The zero-order 
SCOD and VFA generation rates were 2028, and 1030 mg/L.d, respectively, indicating that 
the acidification rate is 51% of the solubilization rate. 
The values of hydrolysis yield (ηh), and the acidification yield (ηa) are defined as shown in 














                                     (5.5) 
Where SCODin and SCODout are the soluble COD (mg/L) concentrations of the substrate, 
and fermentate; TCOD is the total COD concentration (mg/L) in the feed. VFAout, and VFAin 
are the total VFA concentration (mg COD/L) in the fermentate, and substrate, respectively. 
To better understand the impact of different control parameters on dewaterability of the 
sludge, an index showing the percentage of thickened sludge to the total volume of 
fermentate was defined. Concentrated sludge volumetric ratio (CSVR) was determined 
based on centrifugation at 2400 g (2500 rpm for 15 minutes) to separate solids-liquid and 
immediately decanting of the supernatant. Figure 5.2 depicts the changes in hydrolysis per 





study. Average hydrolysis and acidification yields were measured at 14.6%±9.6% and 
61.5%±11.3%, respectively; with longer HRT enhancing the hydrolysis yield but reducing 
acidification. Additionally, CSVR, decreased with increasing HRT indicating a better 
dewaterability and lower volume of sludge production at the end of fermentation. Overall, 
the volume of the thickened sludge decreased significantly (about 46%) from 26% at 1 day 
to only 14% at the end of fermentation at 5 days contact time. The impact of HRT on 
dewaterability was confirmed taking into account the solubilization of particulate COD at 
higher HRTs, and its contribution to a lower CSVR. Results showed thickened sludge 
volume per mass of solids of 11.7, 11.2, 9.2, and 8.1 mL (thickened sludge) /g TSS 
(fermentate) at HRTs of 1, 2, 3, and 5 days, respectively, indicating improved 
dewaterability at long SRTs. The recovery potential for VFA and soluble COD (recoverable 
supernatant as mass), increased with the increase in contact time. 
 
Figure 5.2. Hydrolysis, acidification and sludge volumetric fraction of batch primary 
sludge fermentation 
5.3.1.2 Digestion of fresh sludge and post digestion of residual 
solids from the batch fermentation  
Residual solids left after fermentation from the solid-liquid separation stage were used as 
substrate for the BMP test. Anaerobic digestion was continued for 30 days to ensure 





of reactors fed with fresh primary sludge were also tested in parallel as the base line. 
Cumulative methane production graph at standard temperature (273.15 K), pressure 
(101.32 KPa), and zero moisture content conditions (STP), normalized based on the fed 
COD is presented in Appendix C (Figure C5.1). Fermented sludge at 1-day contact time 
performed comparably in terms of methane production with fresh primary sludge followed 
by fermented solids at 2, 3, and 5 days contact time.  Methane yield of fresh primary sludge 
and residual solids fermented at 1, 2, 3, and 5 days, were measured at 262±6, 260±2, 
228±16, 218±4, and 213±7 mL CH4/g COD respectively, corresponding to biodegradability 
values of 66%, 65%, 57%, 55%, and 53%, respectively. Both the fresh primary sludge and 
fermented sludge at 1-day contact time showed a biodegradability of around 65%, as 
compared to 55%±2% calculated for solids fermented at 3-5 days. 
 Comparative semi-continuous fermentation and BMP study 
of Primary and RBF sludges 
5.3.2.1 Fermentation and VFA recovery stage 
Similar to the batch experiment, a series of 400-mL (working volume) rectors were 
operated under mesophilic conditions in the fermentation stage. Both primary and RBF 
sludges were tested as substrates to compare their integrated fermentation, VFA recovery, 
and digestion performance. Additionally, the test was conducted at semi-continuous 
condition by daily feeding and wasting a portion of the respective reactors to maintain the 
specific SRTs of 1, 2, and 4 days. At steady state conditions, the bottle contents were 
transferred to the centrifuge to separate solid-liquid, quantifying, and characterization of 
the supernatant, and solids. Residual solids were subsequently transferred to the AMPTS 
units for BMP testing. Figure 5.3 shows the fermentation yields of primary and RBF 
sludges at 1, 2, and 4-day SRTs. As shown, the average yields were 71±14, and 112±24 mg 
COD/g VS for RBF and primary sludges, respectively with a significantly higher VFA 
potential for primary sludge at the same condition. It should be noted, however, that a 
higher yield does not necessarily mean a higher VFA recovery potential (mass-based) as 






Figure 5.3. VFA yields in semi-continuous fermentation of RBF and primary sludges 
Hydrolysis, acidification, and CSVR of fermented RBF and primary sludges as a function 
of SRT, are summarized in Figure 5.4. As shown, generally the hydrolysis yield increased 
and CSVR decreased with the increase in SRT while the acidification yields did not show 
a significant trend with SRT. Additionally, fermented primary sludge generated almost 
33±4% less residual thickened sludge (volume based) after centrifugation indicating better 
dewaterability than RBF sludge under similar conditions. Results showed thickened 
primary sludge volume per mass of solids of 4.7, 4.1, and 3.5 mL (thickened sludge) /g TSS 
(fermentate) at SRTs of 1,2,and 4 days, Corresponding values for RBF sludge were 8.0, 






Figure 5.4. Hydrolysis, acidification and CSVR of semi-continuous fermented RBF 
(a) and primary (b) sludges 
Further analysis performed in Microsoft Excel (2013) on the VFA yields at SRTs of 1, 2, 
and 4 days proved that the difference between the two series (i.e. RBF and Primary sludges) 
was statistically significant at a 95% confidence level. The two-sample t-test showed a low 
two-tail P-value of 0.003. Similarly, the CSVR data for the RBF and primary sludges were 
analyzed using the same approach. Two-sample t-test analysis of CSVR data, showed that 
difference between the two series was statistically significant at 95% confidence level with 





5.3.2.2 Digestion of fresh sludge and post digestion of residual 
solids after semi-continuous fermentation  
Similar to the batch fermentation experiment, residual solids after semi-continuous 
fermentation were used as substrate for the BMP test. Anaerobic digestion was continued 
for 30 days using an ISR of 2.0 (mg VS/mg VS). Fresh primary and RBF sludges, and 
inoculum samples were also collected from the same treatment plants (Greenway WWTP, 
London, Ontario, and Guelph WWTP, Guelph, Ontario), respectively. Fresh sludge 
samples were used as the baseline to compare the BMPs. Each condition including baseline 
reactors were conducted in triplicates. The total and volatile suspended solids, and pH of 
the inoculum were 28000±400 mg/L, 14000±250 mg/L, and 7.4±0.1, respectively. Methane 
yield and biodegradability values of the tested fermented and fresh sludges are summarized 
in Table 5.1. The data shows an average of 216±24, and 188±19 mL CH4/ g COD for the 
RBF and PS sludges fermented at 1-4 days SRT. Corresponding values for fresh digested 
sludges were 253±11 and 208±17 mL CH4/ g COD for the RBF and primary sludges, 
respectively. This shows an average decrease of 14.6%, and 10.0% in the methane yields 
of RBF and primary sludges, respectively. On the other hand, the biodegradability of 
fermented RBF residual solids decreased from 63% in the fresh sludge to 54%±4.8% in the 
fermented solids; while biodegradability of the primary sludge decreased slightly from 52% 
to 47%±3.8% in the residual solids left after fermentation at 1-4 days SRT. It should be 
noted that the methane yields of fresh and average fermented RBF sludges were 21.9%, 
and 15.2% higher than the corresponding values for primary sludge under similar 
conditions, indicating a higher BMP of the RBF sludge. On the other hand, higher VFA 
yields of the primary sludge compared to those of RBF (57.6%±3.8% in average) shows a 
faster solubilization at short fermentation SRTs indicating that the residual solids 
transferred to the anaerobic digestion may potentially contain less biodegradable materials 
compared to the RBF sludge. This is also consistent with some of the literature studies 
which indicate a higher level of the biodegradable cellulose in the RBF sludge compared 






Table 5.1. Biomethane potential (CH4 yield) and biodegradability of residual solids 
after fermentation compared to the BMP of the fresh sludges 
Sludge type 
/parameter 
RBF sludge PS sludge 


















































Biodegradability (%) 48±7 55±3 59±7 63±3 52±7 46±1 43±0 52±4 
Statistical analysis on biodegradability values of the residual solids after fermentation at 
SRTs of 1, 2, and 4 days and fresh sludges proved that the difference between the two series 
of data (i.e. RBF and primary sludges) was statistically significant at 95% confidence level. 
The two-sample t-test showed a low two-tail P-value of 0.006. 
 pH-controlled fermentation 
pH-controlled fermentation at pH of 4, 6 and 9 at mesophilic temperature and 2-day SRT 
were conducted to further investigate and compare enhanced VFA recovery potential from 
primary and RBF sludges. A series of uncontrolled pH reactors were also tested in parallel 
as the base line. Fermentation was conducted semi-continuously and pH was adjusted daily 
in the reactors. Fig. 5.5 summarizes the VFA yields for RBF and primary sludges 
maintained at the specified pH. Excluding pH 4 which was significantly inhibitory to the 
acidification, resulting in a very low yield, pH adjustment proved to be effective in 
improving the yields of both sludge types, relative to the uncontrolled pH.  pH-controlled 





sludge), and 37%, and 93% (RBF sludge), respectively. The optimum pH of 9 is also 
supported by the literature considering most of the studies reported a pH of 8-11 as the 
optimal pH values when sludge is used as mono substrate (Jiang et al., 2013; Mengmeng et 
al., 2009; Wu et al., 2009).  
 
Figure 5.5. VFA yields of pH-controlled semi-continuous fermentation 
Hydrolysis and acidification yields of different reactors for the two types of sludge are 
presented in Figure 5.6. Results showed higher hydrolysis yields for pH-controlled 
fermentation at pH 6 and 9, compared to uncontrolled conditions (57%, and 65% 
enhancement for RBF and primary sludges, respectively) with a slight decline in the 
acidification yields in all pH-controlled conditions. Hydrolysis of sludge due to pH 
adjustment was enhanced by up to 81% at pH 9 for both sludge types compared to 






Figure 5.6. Hydrolysis and acidification yields of pH-controlled continuous 
fermentation of RBF (a) and primary (b) sludges 
It should be noted that although pH 9 enhanced VFA yields, the most among tested 
conditions, the amount of chemicals required to adjust the pH in the reactors on a daily 
basis, was noticeably greater than those reactors maintained at pH 6, for both sludge types 
as shown in Fig. 5.7 (a&b). These figures show the daily pH variations recorded in the 
reactors against their specified pH. A larger variance between measured and set pH for a 
specific reactor indicates higher chemicals consumed daily to adjust the pH. The average 
daily pH drops were 4.4 and 0.51 units (RBF sludge), and 2.5, and 0.22 units (primary 





solution) consumed to adjust pH to 6 and 9 in the respective reactors were 3.9, and 17.5 
mLc/Lr.day (primary sludge), and 2.6, and 16.1 mLc/Lr.day (RBF sludge), respectively. Lc, 
and Lr represent the volume of chemicals (stock solution) and sludge in the reactor 
(fermenter) respectively. The corresponding equilibrium pH at steady state condition for 
uncontrolled pH fermentation of RBF and primary sludges were 5.38 and 5.61, 
respectively. Additionally, the enhancement of the VFA yields due to the pH control at pH 
9 (93%, and 72% for RBF, and PS, respectively), indicate a higher efficiency of pH-
controlled treatment to enhance fermentation of the RBF sludge; supported by observed 
8.7% lower chemical consumption to maintain the RBF sludge pH at 9 compared to the 
primary sludge reactors. At pH 6, however, VFA yields increased by 37% and 50% 







Figure 5.7. pH variation in pH-controlled fermenters; RBF (a) and primary (b) sludges 
 
 Evaluating the impact of cellulose on anaerobic digestibility  
Primary and RBF sludge samples were initially analyzed for the cellulose contents. TS, VS 
and cellulose contents in the primary sludge was measured as 23900, 19600, and 5020 
mg/L, respectively. Corresponding values for RBF sludge, were 36000, 26300, and 10600 
mg/L, respectively. Anaerobic reactors were filled with primary sludge, RBF sludge, and 
α-cellulose as substrate in addition to a separate series of reactors filled with primary sludge 
supplemented by added cellulose to match the RBF sludge. The BMP test was conducted 
under mesophilic condition using AMPTS units. Each condition was conducted in 
triplicates and the test was continued for 30 days. BMP of the RBF sludge, primary sludge, 
primary sludge with supplemented cellulose, and cellulose only reactors were measured at 
255, 218, 241, and 288 mL CH4/g COD, respectively, corresponding to biodegradability 
values of 64%, 54%, 60%, and 72%, respectively. The results show a positive impact of 
cellulose on biomethane production. Substituting the same portion of the VS (14.8% of VS) 
in the primary sludge-fed reactors with α-cellulose increased the overall biodegradability 
by 10.4% and methane yield by 15.9%, closely matching the RBF sludge with the same 





the pure cellulose-fed reactors, the degree of contribution of cellulose and non-cellulose 
organics to biogas production was determined for each sludge type. Interestingly, although 
the cellulose formed 21% and 29.5% of TSS in primary and RBF sludges, respectively, the 
overall contributions of cellulose to biogas production were estimated at 38% and 41%, for 
these two sludges, respectively. While the biodegradability of cellulose in the sludges were 
72%, the biodegradability of non-cellulosic solids in RBF and primary sludges were 58%, 
and 48%, respectively. 
 Techno-economic analysis 
Based on the experimental results obtained in this study, a solids mass balance was 
performed separately for the two sludge types and their processing systems. The cost of 
fermented sludge dewatering and residual solids handling costs were also included in the 
analysis taking into account the volumetric sludge reduction in the fermented sludge as 
measured experimentally using CSVR index. Capital costs were estimated based on the 
authors experience in similar industrial projects incorporating civil, instrumentation, 
electromechanical, engineering, and contingency costs. Although these values were based 
on limited projects` specifications and may not be considered as robust cost estimations, 
they were compared with existing data. Assumptions and detailed calculations are 
described in Appendix C. Four scenarios were considered for each system. The three 
scenarios Sc1, Sc2, and Sc3, as mentioned, refer to the fermentation and post digestion of 
the residuals after 1, 2, and 4 days SRT, respectively; while Sc4 representing the fresh 
sludge digested without prefermentation processing. For the first three scenarios, a VFA 
recovery followed by solid-liquid separation stage through dewatering was added and the 
value of recovered VFA was evaluated based on the extractable supernatant mass value 
measured experimentally in the lab. The residual solids were then directed to the anaerobic 
digester to further process the remaining organics under anaerobic conditions. It must be 
asserted that in order to properly account for the impact of sludge volume reduction after 
dewatering of the fermentate, the digester HRT for scenario 4 (fresh sludges) were reduced 
to 15 days, while HRT was at least 30 days for Scenarios 1-3 based on the average of the 





experimentally. The volatile solids destruction efficiency and the methane yields for 
scenario 4 were modified as follows (Metcalf & Eddy, 2003): 
Vd=13.7* Ln (SRT)+18.9                                                                                               (5.6) 
Where Vd is the volatile solids destruction (%) and SRT is the digestion time (days). Using 
Eq.5.6, HRTs of 30 days (equal to the BMP test incubation time), and 15 days (reduced 
HRT) will result in volatile solids reduction of 65.5%, and 56%, respectively. The 
experimental methane yields for scenario 4 was modified based on the ratio of the 
theoretical VS destruction at HRT 15 days to that of 30 days (i.e. %86). 
5.3.5.1 Solids mass balances and case study flow charts 
Figures 5.8a and 5.8b show the overall solids mass balance conducted for the two sludge 
systems. The solids content of the sludge in each stream was based on the TS and VS 
measured experimentally in the lab and the assumptions detailed in the Appendix C. 
Calculated total and volatile solids determined for each stream have been used in techno-









Figure 5.8. Case study flow diagram; mass balance of primary (a) and RBF (b) sludges 
5.3.5.2  Economics of fermentation and post digestion of the 
residual solids 
Overall results of the techno-economic analysis are summarized in Table 5.2 by 
incorporating the experimental outcomes into the case study simulated for both sludge 
types. VFA recovered and methane produced for fermented sludge at 1, 2, and 4-day SRTs, 
were accounted for and compared to that of biogas generated in fresh sludge digestion under 
similar operational conditions. Capital costs and impact on liquid-stream treatment have 
been excluded from this stage of analysis to simplify the model focusing on daily 
operational costs and revenues. In the second stage of the economic assessment a long-term 
cost-revenue analysis using overall VFA recovery income versus capital costs of fermenters 
(and dewatering units) were considered to estimate payback periods. The results showed 
that although biogas produced from digestion of residual fermented solids decreased on 
average by 12.7% and 8.4% compared to the fresh RBF and primary sludges, respectively, 
only VFA recovery in the integrated process recovered up to 7.2%±2.0%, and 7.6%±2.7% 






Irrespective of the operational fermentation SRT, the integrated fermentation -digestion 
system economically outperformed the single digestion alternative for both sludge types. 
In addition, considering overall revenues of VFA, methane recovery, and reduced sludge 
volume in the integrated fermentation-digestion process, this option could recover 
17.3%±3.8%, and 12.8%±2.6% of the respective sludge handling costs for the plant with 
RBF and primary sludges, respectively. For a 100 MLD plant, with primary clarification 
the net daily operational cost savings of the integrated fermentation digestion process under 
different scenarios, compared to conventional digestion are Can$ 4800±240; for a plant 
with an RBF, the corresponding savings are Can$ 3200±430. Incorporating capital costs of 
the fermenters and fermentate dewatering in the long-term cost-revenue model, considering 
net VFA recovery values, resulted in payback periods of 2.7±1.1, and 3.6±2.7 years for the 
RBF and primary clarifier at 1-4 days SRT. The shorter payback periods for RBF 
fermenters are primarily due to the generally higher total solids concentration in RBF 
sludge compared to primary sludge, resulting in smaller fermenters at similar SRT (i.e. 
lower capital costs), despite relatively lower VFA yields. The reasonable payback periods 
for all scenarios, indicate that implementing fermenters at large scale treatment plants may 
be promising. Further studies however are needed, to assess impacts of recovered nutrients 








Table 5.2. Summary of techno-economic analysis: Integrated fermentation-digestion 
and single digestion processes of RBF and primary sludges- Case study 
Sludge 
types 
SRT (days) Yield& 
(production) 
mg VFA/g 

















1 day 56 (750) 191 (2739) 1030 1690 19900 
2 days 72 (964) 220 (3086) 1320 1900 18600 
4 days 84 (1125) 238 (3289) 1540 2030 16800 
Fresh RBF 0 (0) 253 (3480) 0 2140 51800 
PS 
1 day 86 (1580) 208 (3949) 2170 2430 43800 
2 days 116 (2132) 184 (3094) 2920 1910 39000 
4 days 133 (2444) 171 (2805) 3350 1730 32500 
Fresh PS 0 (0) 208 (3582) 0 2210 161000 
 
5.4 Conclusions 
In both batch and continuous fermentation experiments, HRT (SRT) increase directly 
enhanced the hydrolysis yield. Concentrated sludge volume ratio and acidification yield 
were reversely impacted by contact time in the batch fermentation but   did not show a trend 
with SRT in the semi-continuous fermentation experiment. Additionally, VFA yields 





for fermented RBF and primary sludges at SRTs of 1-4 days, respectively. The pH control 
enhanced both sludge fermentation increasing the VFA yields by 93%, and 72% at pH 9 
for RBF, and PS, respectively. Cellulose accounted for 38% and 41% of methane 
production while constituting only 21% and 29.5% of the TSS, for primary and RBF 
sludges, respectively. Integration of fermentation and digestion process reduced the biogas 
production of the residual fermented solids by 12.7% and 8.4% compared to the fresh RBF 
and primary sludges due to VFA recovery, respectively. The economic analysis indicated 
that for a 100 MLD plant, with primary treatment, VFA and biogas recovery, net 
operational daily savings accrued from a fermentation-digestion process relative to 
conventional anaerobic digestion varied between about Can$ 3200-Can$ 4800.  However, 
the overall value of VFAs and biogas outweighed the decrease in value of methane decrease 
due to VFA recovery, for the primary and RBF sludges. Additionally, the short payback 
periods of 2.7±1.1 (RBF), and 3.6±2.7 years (primary clarification) reflect the economic 
viability of VFA recovery for implementing primary sludge fermenters and fermentate 
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Chapter 6  
6 Enhanced biological nutrient removal processes using 
primary and RBF sludge fermentates as carbon source 
6.1 Introduction 
Eutrophication which is considered as the most serious water quality issue (Awual, 2019; 
Downing, 2014; Zhang et al., 2019) results from excessive nutrients; mainly nitrogen (N) 
and phosphorus (P) discharged to the surface water bodies worldwide. Due to the rapid 
urbanization, increasing volume of treated or untreated wastewater is being discharged to 
the natural water resulting in increased nutrient and organic loads to the environment (Ge 
& Champagne, 2016). Both biological phosphorus removal and denitrification processes 
rely on the availability of readily biodegradable carbon source (rbCOD) such as short-chain 
fatty acids for biomass synthesis (Tong & Chen, 2007). Enhanced biological phosphorus 
removal is carried out under alternating anaerobic-aerobic conditions mainly by the 
performance of polyphosphate accumulating organisms (PAOs). PAOs take up carbon 
sources by using energy produced from hydrolysis of intracellular polyphosphate (poly-P) 
and glycogen, and accumulate carbon source in the form of poly-β-hydroxyalkanoates 
(PHA) under anaerobic condition (Shen & Zhou, 2016). Denitrification is performed by 
oxidizing organic materials (heterotrophic bacteria), and inorganic compounds (autotrophic 
species) under anoxic condition using nitrogen oxides as terminal electron acceptor and 
organic molecules as electron donor (Dhamole et al., 2015). Limitation of carbon source is 
a common problem inhibiting the performance of biological nutrient removal in many of 
the wastewater treatment plants (Feng et al., 2021). Low chemical oxygen demand to 
nitrogen (COD:N) (Isaacs et al., 1994), and phosphorus (COD:P) (Broughton et al., 2008) 
ratios in the raw municipal wastewater and stringent effluent standards, result in increasing 
demands for supplemental internal or external readily-degradable carbon substrate to the 
influent of many WWTPs. The most widely used carbon sources for denitrification are 
methanol, ethanol, and acetic acid/acetate (Dhamole et al., 2015). On the other hand, single 
(such as volatile fatty acids, ethanol, and amino acids), or complex carbon sources (such as 
yeast extract, peptone, and mixed carbon sources) were applied to enhance the biological 





shown to be uneconomical and unsustainable when used as external carbon source in full 
scale WWTPs (Thomas et al., 2003). Alternatively, VFAs can be generated in wastewater 
treatment plants by acidogenic fermentation of primary sludge. VFAs are intermediate 
products of anaerobic digestion (Kleerebezem et al., 2015) with multiple advantages such 
as reducing excess sludge volume and providing quality supplementary carbon source 
(Tong & Chen, 2007). VFAs are considered ideal carbon source for BNR process (Soares 
et al., 2010). Effectiveness of nutrient removal using mixed VFAs (Chen et al., 2005; 
Levantesi et al., 2002) made acidogenic fermentation of wastewater sludge an emerging 
research field especially in the recent years (Basset et al., 2016; Lee et al., 2014). 
Feasibility of BNR under COD:N ratio of 5-10 mg COD/mg N for combined nitrification 
and denitrification (Henze, 1991), and 7-10 mg COD/mg P for enhanced biological 
phosphorus removal from municipal wastewater (Wentzel et al., 1988) have been reported 
in the literature. However, a higher fraction of readily biodegradable carbon is usually 
considered as essential element in the biological nutrient removal process (Khursheed et 
al., 2018). For satisfactory performance of the process, rbCOD:TP of around 15 and 
VFA:TP from 4 to 16 g COD:P (Barnard & Steichen, 2006), as well as rbCOD:TN ratio 
from 4 to 15 g COD/g N (Dauknys et al., 2009; Melidis, 2014) were proposed in the 
literature. 
Although it is not clear how much of the rbCOD will actually be converted to VFA by the 
facultative organisms in the anaerobic zone, the assumption is that most of the remaining 
rbCOD will be fermented to VFAs (Marais & Ekama, 1976). It should also be taken into 
account that sludge fermentate results in nutrient (ammonium and phosphorus) release 
during fermentation which negatively impact the quality and effectiveness of generated 
carbon source and hence some techniques need to be applied to remove excessive nutrient. 
Banister et al. (1998) reported 0.03 mg P/mg VFA (as acetic acid), and 0.10 mg N/mg VFA 
at fermentation time of 6 days with increased release of the nutrients to the liquid phase by 
increasing the fermentation time. Operational parameters as well as sludge composition 
significantly impact the extent of VFA recovery and nutrient release (Lee et al., 2014; Liu 
et al., 2020; Yuan et al., 2010). Characteristics of the substrate, inoculum, pH, temperature, 





are some of the main parameters impacting the anaerobic fermentation process (Zhou et al., 
2018). Although thermophilic temperature increases the substrate degradation rate, 
mesophilic conditions (30 oC-40 oC) are still recommended to achieve robust and stable 
fermentation of primary sludge (Yu et al., 2002). In addition, lower SRT is beneficial to the 
production of VFA from sludge by preventing the growth of methanogens (Ferrer et al., 
2010). Sludge type and composition also impact the VFA recovery and characteristics of 
the fermentation products (Bahreini, et al., 2020; Crutchik et al., 2018). The variability in 
sludge composition depends on different physical-chemical treatment methods used to 
remove primary solids from wastewater such as conventional gravity settlers (Metcalf and 
Eddy, 2003), chemically enhanced primary treatment (CEPT) (Gandhi et al., 2014; Shewa 
& Dagnew, 2020), emerging high-rate separation technologies such as rotating belt 
filtration (Franchi et al., 2015), Actiflo (USFilter, Kruger Products, Cary, North Carolina) 
(Plum et al., 1998), CoMag (Siemens, Inc., Alpharetta, Georgia), and DensaDeg 4D  
(ONDEO Degremont, Inc., Richmond, Virginia). 
Carbohydrates, proteins, and lipids are the main components (about 90%) of the total COD 
in the primary sludge (Miron et al., 2000). The fraction of carbohydrates, proteins, and 
lipids were reported to be 34%, 16%, and 17% of the total COD of the sludge. RBF is 
reported to selectively capture cellulose while achieving a total suspended solids removal 
efficiency of 30% to 60% (Franchi et al., 2015; Ruiken et al., 2013). Corresponding TSS 
removal efficiency for the primary clarifiers was reported to be in the range of 50% to 75% 
(Metcalf and Eddy, 2003). Additionally TSS removal efficiency of the RBF is highly 
dependent on influent TSS concentration (with lower TSS resulting in lower removal 
efficiency) and operational parameters (operating with or without thick mat formation) 
(Behera et al., 2018). The cellulose content of RBF sludge is reported up at 79% of the total 
solids mass, compared to 25% to 32% in the primary sludge, using microscopic 
examination method (Ruiken et al., 2013). Recently, Ahmed et al. (2019) also measured 
cellulose content of RBF and primary sludges at 33% and 17% of the total suspended solids, 
using Schweitzer method (Hurwitz et al., 1961). Excessive amount of cellulose in the feed, 
in addition to the presence of macromolecule forms are reported to be inhibitory to 
anaerobic digestion process (Anjum et al., 2016). Additionally, some literature studies 





al., 2015; Ruiken et al., 2013; Verachtert et al., 1982). This means that its removal with 
primary treatment, decreases aeration energy, increases the SRT of the activated sludge 
tank, and contributes to better nitrification rates (Behera et al., 2018).  
Dewaterability of the fermented sludge is a critical stage in carbon upgrade by controlling 
the fractions of carbon and nutrient diverted in the solid, and liquid streams. High quantities 
of filaments in the sludge corresponds to poor compressibility and settleability, higher 
sludge volume index (SVI), and lower zone settling velocity (ZSV). The quantity of 
polymeric compounds i.e. proteins, humic substances and carbohydrates in the sludge has 
been proven to correlate to SVI (Yan et al., 2009). Although the mass of flocs of the 
digested sludge is lower than the flocs of identical size of the raw sludge, the impact of 
digestion process on settling characteristics of the primary sludge was reported to be 
negligible (Mahmoud et al., 2006). This was further validated especifically for the 
fermentation process, using a newly developed index; concentrated sludge volume ratio 
(CSVR); indicating the fermented sludge compressibility. The values of CSVR for 
fermented RBF sludge at 1, 2, and 4 days SRT were reported to be 50.0% ± 9.6% higher 
than the corresponding values for primary sludge fermented under the similar conditions, 
showing a lower dewaterability of the fermented RBF sludge after anaerobic fermentation 
(Bahreini, et al., 2020). 
Selectivity in type and magnitude of the diverted carbon by application of various primary 
sludge treatments, supposedly impacts the downstream biological nutrient removal process. 
This is due to providing and limiting specific types of carbon, partially removing 
particulates, and change in COD fractionation (i.e. readily, slowly biodegradable, and inert 
materials) of the primary effluent. It is also important to note that in a plant-wide view, both 
quality and quantity of the primary sludge are important to determine the level of organics 
discharged to the BNR reactor; when the fermentation is used to provide carbon source. 
Generally, RBF produces a more concentrated (TS), sludge with a higher VS:TS ratio 
compared to the primary sludge (Ghasimi et al., 2016; Paulsrud et al., 2014; Sarathy et al., 
2015). This results in significantly lower sludge volume produced in RBF train receiving 
typical medium strength wastewater (TSS of 210 mg/L) compared to primary clarifiers. 





to that of RBF sludge, under the same operational and dewatering conditions (Bahreini, et 
al., 2020). This indicates that a comprehensive study is needed to assess the impact of 
primary treatment and fermentation on the downstream BNR using a mass balance 
approach. This method can also determine the overall COD:N and COD:P ratios of the 
combined influent, effective for the BNR process.  
Currently, only few research studies have focused on the different pathways for treatment 
of biosolids and recovery of VFAs, using RBF or cellulosic primary sludges (Ghasimi et 
al., 2016; Honda et al., 2002; Ruiken et al., 2013). Additionally, no comparative study on 
the impact of RBF fermentate as carbon source to enhance the BNR within a broader 
biorefinery concept has been found in the literature. The objective of the present study is to 
evaluate and compare the application of specified primary treatment options (i.e. primary 
settling tank, and RBF) to enhance the biological nutrient removal efficiency using a plant-
wide approach. 
6.2 Methodology 
  Operation of the lab fermenters and SBRs  
Enhanced biological nutrient removal process was evaluated in the lab using two identical 
reactors, each with a working volume of 2L, operated as SBRs. The experiment was 
designed for 75 days and contained three distinct periods. During period 1 (day 1-42), both 
reactors were fed only with primary effluent without any supplemental carbon source as a 
base line. During period 2 (day 43-53), both reactors were supplemented with primary 
sludge fermentates as carbon source to gradually facilitate growth of the biomass during 
the transition period. During period 3 (day 54-75), reactor 1 was fed with primary effluent 
and primary sludge fermentate as carbon source, while reactor 2 was operated under the 
same condition, but with RBF effluent and fermented RBF sludge as the feed and carbon 
source. Both reactors were operated at room temperature, SRT of 10 days and feeding rate 
of 3 L/d. Dissolved oxygen concentrations of 3-4 mg/L were maintained during the aerobic 
phase using air diffusers with flow rate of 0.2-0.4 L/min. Both reactors were inoculated 
with recycled activated sludge from Greenway wastewater treatment plant. Primary (during 





reactors under a swirling-action shaker (Max Q4000, Incubated and Refrigerated Shaker, 
Thermo Scientific, CA), operating at 180 rpm, temperature of 37oC, and SRT of 4 days. 
SRT was maintained by daily wasting and feeding a portion of the mixed sludge. The 
wasted fermentate was centrifuged (Beckman Coulter Allegra 6 Bench top, Hyland 
Scientific, USA), at 2400 g (2500 rpm for 15 minutes), and the decanted supernatant was 
separated by filtration of the centrifuged sludge using 1.2µm filter. The VFA-rich liquid 
was then transferred to the two 1 L Erlenmeyer flasks used as storage and feed tanks, and 
was fed to the SBRs at a flowrate of 13 mL/min at the beginning of the anoxic cycles. The 
volume of SFL (120 mL/d) was initially determined such that minimum COD:N, and 
COD:P of 6, and 20, respectively, can be achieved in both reactors. Feeding, decanting and 
supplying carbon were programmed using chemical pumps (Masterflex L/S, Cole-Parmer, 
Montreal, Canada). The daily operating sequence of SBRs consisted of three 8 h cycles 
with feeding (0.5 h), anoxic (1.5 h), aerobic (4.5 h), settling (1 h), and decanting (0.5 h) 
phases in each cycle (Fig 6.2).  
 






Figure 6.2. Cycle scheme and reaction times for SBR operation 
 Statistical methods 
The statistical analysis of the data were performed using Microsoft Excel (2013). The 
paired two-sample t-test method with series of experimental data was used to check whether 
the variability in the feed characteristics of the two sludge types were statistically 
significant. The statistical method was also applied separately to investigate whether the 
differences between the nutrient removal efficiencies of the two reactors (i.e. RBF, and 
primary sludge fermentates) before and after addition of fermentates were statistically 
significant at the 95% confidence level.  
 Sampling 
Primary, RBF effluent, and sludge samples were frequently collected from the Greenway 
Wastewater treatment plant (London, Ontario), with primary effluent/sludge collected from 
the main stream, and RBF effluent/sludge from a large-scale pilot SF2000 rotating belt 
filter (Salsnes Filter SA, Norway). The RBF was operated with a maximum hydraulic flow 





main stream. Anaerobically digested sludge as inoculum was collected from the mesophilic 
anaerobic digester (AD) of the Stratford Wastewater treatment plant (Stratford, Ontario), 
and incubated for a period of one week in the shaker at 37oC. Both wastewater and sludge 
samples were stored in a cold room at 4oC prior to daily use. Analytical samples were 
frequently taken from the feed, fermented sludges, and SFL, as well as the influent and 
effluent to/from the SBRs and were tested for different parameters. Similarly, during the 
cyclic tests, samples were taken throughout the full cycle and were analyzed to determine 
kinetic parameters.  
 Analytical methods 
Water quality parameters were measured for the collected wastewater/sludge samples 
during the experiment. Total and volatile suspended solids (TS&VS) were measured 
following standard methods (APHA, 2017). Water quality parameters were measured 
following respective HACH methods: COD (HACH 8000), total VFAs (HACH 10240), 
nitrogen (HACH 10072), ammonia (HACH 10031), nitrate (HACH 10020), nitrite (HACH 
10019), reactive phosphorus (HACH 8114), and total phosphorus (HACH 10127). All 
soluble samples were measured using filtrates through 0.45 µm membrane filters (G N 
Metricel Membrane Disc Filters, Pall Laboratory). pH was measured by a digital pH meter 
(VWR, B10P, SympHony). Samples from the cyclic tests were filtered using 0.45 µm 
syringe filter (VWR FILTR PP, CA28145-485, VWR) and analyzed following the 
corresponding standard procedures (APHA, 2017). Cellulose contents were analyzed using 
Schweitzer method (Hurwitz et al., 1961).  
6.3  Results and discussion 
 Biological nutrients removal without additional carbon source 
Both reactors were fed with primary effluent without any supplemental carbon during 
period 1. The results from this period indicate the nutrient removal efficiencies in the 
absence of supplemental carbon. The average characteristics of the primary effluent and 





Table 6.1. Influent and effluent characteristics (period 1; without carbon) 




R2 Effluent Average 
(R1&R2) 
pH 7.5 ± 0.1 7.9 ± 0.1 7.9 ± 0.1 7.9 ± 0.1 
Alkalinity 
(mgCaCO3/L) 
377 ± 42 252 ± 41 243 ± 34 248 ± 36 
TSS (mg/L) 91 ± 11 14 ± 3 14 ± 9 15 ± 6.8 
VSS (mg/L) 70 ± 8 7 ± 4 7 ± 5 7 ± 4.2 
TCOD (mg/L) 258 ± 66 33 ± 9 30 ± 11 31 ± 10 
SCOD (mg/L) 167 ± 27 21 ± 10 20 ± 10 21 ± 10 
TN (mg N/L) 33 ± 8 22 ± 5 22 ± 5 22 ± 5 
SN (mg N/L) 28 ± 6 18 ± 5 20 ± 5 19 ± 5 
Ammonia-N(mg /L) 23 ± 5.4 0 ± 0 0 ± 0.3 0.1 ± 0.3 
NO3-N (mg N/L) 0.4 ± 0.2 14.3 ± 2 16.4 ± 2.6 15.3 ± 2.5 
NO2-N (mg N/L) 0.01 ± 0.01 0.05 ± 0.01 0.03 ± 0.01 0.04 ± 0.01 
TP (mg P/L) 4.3 ± 0.6 1.9 ± 0.8 2 ± 0.5 2 ± 0.6 





The average TCOD, SCOD, TSS, and VSS of the primary effluent during period 1 were 
258 ± 66 mg/L, 167 ± 27 mg/L, 91 ± 11 and 70 ± 8, respectively. Average VSS to TSS 
ratio, and particulate COD to VSS ratio of the samples were 0.75± 0.05, and 1.5 ± 0.5, 
respectively. Effluent characteristics of the two reactors were measured to calculate the 
overall removal efficiencies of the reactors for each specific parameter as summarized in 
the Table 6.2.  
Table 6.2. Removal efficiencies of the parameters during experimental periods 
Period # Period 1 Period 2 Period 3 
Parameter R1 R2 R1 R2 R1 R2 
COD  87 ± 6 86 ± 7 59 ± 10 64 ± 7 73 ± 6 70 ± 5 
Ammonium  100 ± 0 99 ± 1 99 ± 1 84 ± 14 99 ± 4 98 ± 4 
N  33 ± 14 28 ± 16 36 ± 2 32 ± 12 56 ± 18 48 ± 27 
P  41 ± 26 35 ± 17 71 ± 31 83 ± 23 98 ± 2 99 ± 2 
As shown in Table 6.2 soluble COD was removed on average by 87% ± 7% while 
ammonium conversion was fully achieved in both SBRs. Total nitrogen and total 
phosphorus removal efficiencies were only 34% ± 14%, and 53%± 16%, during  period 1. 
Indicating a low nutrient removal efficiency, potentially due to limited carbon in the 
influent. Effluent soluble COD, nitrogen, and phosphorus were 22 ± 10 mg/L, 22 ± 5 mg 
N/L, and 1.6 ± 0.6 mg P/L, respectively. Effluent ammonium, nitrate and nitrite 
concentrations were 0.1 ± 0.3, 15.3 ± 2.5, and 0.04 ± 0.01 mg N/L, respectively; indicating 





 Enhanced biological nutrients removal using SFL  
6.3.2.1 Lab fermentation of sludges and recovery of VFAs 
The solid fraction of the fermentates was separated from the liquid by combined 
centrifugation-filtration processes and were analyzed for total VFAs, COD, total and 
volatile suspended solids, N and P contents. The characteristics of the feed primary sludge, 
fermented sludge, and SFL fed to the reactors are summarized in Table 6.3.  
Table 6.3. Characterization of feed sludges, fermentates & SFL (period3) 
Sludge Type/ 
Parameter 




Primary  RBF  Primary  RBF  Primary  RBF  
PH 6.1 ±0.3 6.1 ±0.4 5.2 ±0.2 5.3 ±0.2 5.2 ±0.2 5.3 ±0.2 
Alkalinity 
(mgCaCO3/L) 
1739 ±232 1369 ±231 1699 ±237 2017 ±671 1699 ±237 2017 ±671 











9035 ±1528 8889 ±1441 
SCOD(mg/L) 2395 ±864 2162 ±587 6781 ±879 7049 ±898 6781 ±879 7049 ±898 
TN (mg N/L) 804 ±227 1264 ±414 1114 ±90 1085 ±161 665 ±120 729 ±148 











Primary  RBF  Primary  RBF  Primary  RBF  
NH4 (mg/L) 80 ±71 96 ±36 341 ±57 368 ±56 341 ±57 368 ±56 
NO3 (mg/L) 19 ±5 18 ±6 26 ±20 22 ±7 26 ±20 22 ±7 
NO2 (mg/L) 0.35 ±0.23 0.29 ±0.19 0.31 ±0.22 0.22 ±0.1 0.31 ±0.22 0.22 ±0.1 
TP (mg P/L) 462 ±200 488 ±187 464 ±143 417 ±147 162 ±24 136 ±28 
SP (mg P/L) 41 ±16 48 ±16 130 ±18 128 ±17 130 ±18 130 ±18 
NOX (mg/L) 19.4 ±5.5 18.3 ±5.6 26.3 ±20 22.2 ±6.7 26.3 ±20 22.2 ±6.7 








554 ±177 614 ±254 








426 ±185 466 ±204 
Average total solids of the RBF sludge was 5.4%±0.8%; almost double the average TS of 
the primary sludge (i.e. 2.8%±0.4%). TS, VS, and cellulose content of the primary sludge 
were 29700, 21300, and 3960 mg/L, respectively; compared to corresponding values of 
56900, 39200, and 13400 mg/L, for RBF sludge. As expected, a higher cellulose content 
was detected in the RBF sludge samples (i.e. 24% of the dry mass) compared to roughly 
13%, observed in the primary sludge.  Average pHs of the feed and fermented sludges were 





1237 ±530, and 1082 ±434 in the feeds to 3422 ±390, and 3514 ±506 mg VFA/L, in the 
fermented PS and RBF sludge, respectively. These results indicate average VFA yields of 
106 ±16, and 71 ±26 mg VFA/g VS for fermented primary, and RBF sludges, respectively. 
Similarly, SCOD yields were 212 ±16, and 146 ±60 mg /g VS, for primary, and RBF 
sludges, respectively. Volatile solids of the primary and RBF SFL were comparable at 426 
±185, and 466 ±204 mg/L, respectively.  
Phosphorus and nitrogen release (%), were calculated by dividing the increase in soluble 
concentration in the SFL compared to the raw sludges by the total concentration of the 
respective nutrient in the feed. (Eqs. 6.1, and 6.2). These values account for the whole 
conversions occurred during the sludge process including fermentation, centrifugation, and 










                                   (6.2) 
Where SNSFL, SNfeed, and TNfeed represent the soluble nitrogen concentrations in the sludge 
fermented liquid, and feed sludge, and total phosphorus in the feed, respectively. Similarly, 
SPSFL, SPfeed, and TPfeed represent the soluble phosphorus concentrations in the SFL, and 
feed, and total phosphorus concentration in the feed, respectively. The average 
phosphorous, and nitrogen release of primary sludge fermentation were 22.0% ±9.0%, and 
50.5% ±21.5%, respectively; compared to 19.6% ±10.5% (phosphorus), and 44.8% ±27.4% 
(nitrogen) measured for the fermentation of RBF sludge. The results showed that 
mesophilic fermentation of primary sludge at 4 days SRT, released an additional 11% (N) 
to 13% (P) to the SFL, compared to the RBF sludge.  
Nutrients solubilization were further calculated by dividing differential soluble fraction of 
the nutrient (N or P) between the fermentate and the feed by total VS of the feed. Results 
indicate that nutrients solubilization were significantly higher during primary sludge 
fermentation i.e. 19.9 ±8.1, and 15.0 ±9.1 mg N/g VS, concurrently with phosphorus 
solubilization of 4.3 ±0.6, and 2.5 ±1.7 mg P/g VS, for primary and RBF sludges, 





of nutrients during primary sludge fermentation compared to the RBF sludge. However, 
due to lower VFA& SCOD yields observed in the RBF sludge compared to the primary 
sludge fermentation, ratios of COD:N and COD:P of the primary SFL (12.6 ±2.6, and 52.6 
±4.7, respectively) were comparable to the corresponding ratios of the RBF fermentate (i.e. 
11.7 ±2.8, and 55.3 ±10.5 for COD:N and COD:P, respectively). On the other hand, 
COD:N, and COD:P ratios for the primary effluent (feed), were in the range of 5.8 ±2.3, 
and 8.8 ±2.5, respectively, compared to 5.7 ±1.8 (COD:N), and 6.7 ±1.0 (COD:P) observed 
for the RBF effluent. The high COD:N and COD:P ratios in the fermentates prove that 
crude fermentates (without excess N&P removal) should still be able to effectively enhance 
the BNR process as carbon source. This is due to significantly higher solubilization of 
particulate carbon compared to nutrient release during the fermentation process.  
The values of hydrolysis (ηh), and the acidification yield (ηa) are defined as shown in the 














                            (6.4) 
Where SCODin and SCODe are the soluble COD (mg/L) concentrations of the substrate, and 
fermentate; TCOD is the total COD concentration (mg/L) in the feed. VFAe, and VFAin are 
the total VFA concentration (mg COD/L) in the fermentate, and substrate, respectively. 
Hydrolysis and acidification yields for the primary sludge fermentation during this study 
were 13.5% ±2.1%, and 54.8% ±8.1%, respectively; compared to corresponding values of 
12.4% ±5.8%, and 54.1% ±9.8%, for RBF sludge. 
6.3.2.2 Enhanced BNR process using sludge fermentation liquid  
Primary SFL was added to the reactors during period 2 to enhance the BNR process. During 
period 3, reactors were supplied with either primary effluent, and primary SFL (R2), or 
RBF effluent, and RBF SFL (R3). The characteristics of the primary effluent as well as 
effluent from the reactors are summarized in Table 6.4.  TCOD, SCOD, TSS, and VSS of 
the primary effluent during phase 3 were 230 ± 40 mg/L, 159 ± 42 mg/L, 87 ± 11 and 64 ± 





were 382 ± 46 mg/L, 149 ± 44 mg/L, 257 ± 63 and 159 ± 42 (average VSS:TSS of 0.74), 
respectively. Despite higher values of COD, and solids in the RBF effluent compared to 
primary effluent, particulate COD to VSS ratio for both samples were comparable at 1.6 ± 
0.2, and 1.6 ± 0.6 for PE, and RBF effluent, respectively. Nutrient levels in the primary 
effluent samples were generally lower than RBF effluent samples. 
Table 6.4. Influent and effluent characteristics (periods 2&3; with carbon source) 

















pH 7.7 ± 0.2 7.8 ± 0.2 7.9 ± 0.2 7.6 ± 0.3 7.6 ± 0.2 7.7 ± 0.6 7.8 ± 0.4 
Alkalinity 
(mgCaCO3/L) 
375 ± 25 318 ± 87 319 ± 67 353 ± 23 364 ± 19 242 ± 17 233 ± 13 
TSS (mg/L) 93 ± 13 23 ± 10 27 ± 5 87 ± 11 257 ± 63 15 ± 7 44 ± 44 
VSS (mg/L) 69 ± 9 11 ± 6 18 ± 6 64 ± 9 159 ± 42 9 ± 4 29 ± 32 
TCOD 
(mg/L) 
304 ± 68 50 ± 12 56 ± 26 230 ± 40 382 ± 46 39 ± 7 54 ± 16 
SCOD 
(mg/L) 
106 ± 14 43 ± 7 38 ± 9 129 ± 33 149 ± 44 34 ± 9 41 ± 5 
TN         
(mg N/L) 






















SN(mg N/L) 23 ± 2 15 ± 2 19 ± 0 23 ± 3 27 ± 5 10 ± 4 13 ± 6 
Ammonia-N 
(mg N/L) 
21 ± 2.6 0 ± 0.1 3 ± 4 21 ± 1 25 ± 3.1 0 ± 0.8 1 ± 0.8 
NO3-N 
(mg/L) 
0.4 ± 0.2 8.3 ± 4.8 8.6 ± 7.5 0.7 ± 0.3 0.6 ± 0.3 11.8 ± 3.7 13.2 ± 3.4 
NO2-N   
(mg N/L) 












TP (mg P/L) 4 ± 0.2 1.1 ± 0.6 0.9 ± 0.5 4.7 ± 1.5 9.1 ± 3.2 0.4 ± 0.1 0.6 ± 0.5 
SP (mg P/L) 2.1 ± 0.2 0.6 ± 0.7 0.4 ± 0.5 2.8 ± 0.7 4.1 ± 0.7 0.1 ± 0.1 0.1 ± 0.1 
Statistical analysis of the two series of data (i.e. COD, solids, P, and N content of VSS for 
primary and RBF effluents) using the paired two-sample t-test revealed a P-value of 0.08 
indicating the difference between the averages of the two series were not significant at the 
95% confidence level. This confirms that the variability in RBF effluent characteristics 
were statistically comparable to those of primary effluent.  
Fig. 6.3(a), and (b) illustrate the effluent soluble nitrogen, and phosphorus concentrations 
from the two reactors, respectively. As shown, addition of carbon, resulted in a sharp 
decrease in effluent nitrogen and phosphorus concentrations. Organic loads to the reactor 


















Table 6.5. Average influent and combined influent characteristics to the reactors 
Reactor Parameter* TCOD SCOD TP SP TN SN 
R1  
(PE) 
Influent WW 230 130 5 3 30 23 
SFL 9000 6800 160 130 670 550 
Combined influent 570 380 11 8 53 43 
SFL contribution 60% 67% 56% 64% 46% 47% 
R2  
(RBF) 
Influent WW 380 150 9 4 38 28 
SFL 8900 7050 140 130 730 620 
Combined influent 700 410 14 9 65 50 
SFL contribution 46% 64% 35% 53% 41% 45% 
* Units: mg/L 
As shown in Table 6.5, addition of SFL to the reactors significantly increased the combined 
nutrient loads to both reactors. While the addition of SFL, enhanced the overall soluble 
COD of the influent by 64%-67%, it increased soluble nitrogen and phosphorus loads in 
the influents by 45%-47%, and 53%-64%, respectively. Additionally the impact of excess 
nutrient with SFL, was more significant in the primary effluent-fed reactor (R1), compared 
to RBF-fed reactor (R2). On average, the contribution of SFL to SCOD and nutrient (N& 
P) concentrations were 28%, and 12% higher in primary sludge, compared to RBF sludge 
fermentate. 
Removal efficiencies of the parameters before (period 1) and after addition of supplemental 





based on the combined influent characteristics. The impact of additional carbon can be 
assessed considering the enhancement in removal efficiencies from period 1 to period 3. 
Results showed that overall COD removal efficiency dropped from 87 ± 6 to 73 ± 6 (R1), 
and from 86 ± 7 to 70 ± 5 (R2), respectively. However, average effluent SCOD of the 
reactors did not exceed 34 ± 9 mg/L (R1), and 41 ± 5 mg/L (R2), during period 3.  
Nutrients removal efficiencies, on the other hand, were enhanced by carbon addition to the 
reactors from 34% ± 11% to 56% ± 13% (total nitrogen) and from 54%± 19% to 92% ± 
3% (total phosphorus) in primary effluent-fed reactor. This corresponds to 65%, and 70% 
increase in removal efficiencies for total nitrogen and total phosphorus, respectively, due 
to addition of SFL. The corresponding removal efficiencies in the RBF effluent-fed rector 
after carbon supplementation were 57% ± 19% (total nitrogen), and 92% ± 8% (total 
phosphorus), respectively. Similarly, soluble nitrogen removal efficiency increased from 
33% ± 14% to 56% ± 18% (R1) (70% increase), and from 28% ± 16% to 48% ± 27% (R2) 
(71% increase) by addition of their respective SFL. The overall time profiles shown in Fig. 
6.4 show the variation of influent and effluent characteristics thorough the experiment. 
Soluble nitrogen and phosphorus in the treated effluent of the reactors were quite 
comparable, averaging 12± 5 mg N/L, and 0.1 ± 0.1 mg P/L, for soluble nitrogen and 
soluble phosphorus, respectively. Based on the overall results, it can be observed that the 
enhancement of N& P removals with RBF SFL were closely comparable to the respective 















Figure 6.4. Variation of soluble phosphorus ((a) & (b)), and nitrogen ((c) & (d)) of the 
influent, effluent and removal efficiencies 
 Nitrogen and phosphorus Mass Balances 
Influent (period 1) or combined influent (period 3), as well as effluent characteristics and 
operational parameter of the reactors were used to perform a nitrogen and phosphorous 
mass balance. Nitrogen mass balances in the reactors were performed using Eqs. 6.5- 6.9. 







Influent-N=Q* (CInf-TKN+CInf-NOx)                   (6.5) 
Where, Q (L/d), and C (mg/L) represent the influent flow and concentration of respective 
parameters. Two pathways were considered for the transformation of the influent nitrogen: 
nitrification/denitrification, and cell synthesis. The output-N (mg/d) load is calculated using 
Eq. 6.6: 
Effluent-N=NCE +NDN +NWAS       (6.6) 
NCE =Q* (CEff-TKN+ CEff-NOx+ fN* CEff-VSS)      (6.7) 
NDN=Q* (CInf-TKN- CEff-TKN- CN-cells synthesis - CEff-NOx)    (6.8) 
NWAS= (CMLVSS* VR/ƟC -Q * CEff-VSS)*fN      (6.9) 
Where NCE (mg/d), NDN (mg/d), NWAS (mg/d), represent the nitrogen in the clarified effluent, 
denitrification, and waste activated sludge streams, respectively. fN, VR (L), and ƟC, 
represent N-content of the biomass, reactor volume, and solid retention time of the reactor 
(10 days), respectively. fN was reported between 10%-12% in the literature (Metcalf and 
Eddy, 2014; Zaman et al., 2019); hence an average fN of 11% was used in this study. 
Eqs. 6.10-6.13 were used to perform the mass balances for the phosphorus in the reactors. 
Eqs. 6.10, and 6.11 estimate the influent-P, and effluent-P, respectively.  
Influent-P=Q* CInf-TP        (6.10) 
Effluent-P=PCE +PWAS         (6.11) 
PCE =Q* (CEff-SP+ fP* CEff-VSS)       (6.12) 
PWAS= (CMLVSS* VR/ƟC -Q * CEff-VSS)*fP      (6.13) 
Where PCE (mg/d), PWAS (mg/d), and fP represent the phosphorus in the clarified effluent, 
and waste activated sludge streams, and the P-content of the biomass, respectively. fP was 





(Metcalf and Eddy, 2014; Yuan et al., 2012); hence an average fP value of 6% was 
considered in this study.  
Fig. 6.5, illustrates the average distribution of nitrogen as percentage of the total influent 
nitrogen in both reactors before (control process) and after (enhanced process) addition of 
carbon sources. The graphs show clearly a significant reduction in period 3 in the clarified 
N, while increasing denitrified nitrogen as well as N content of the WAS, indicating an 




Figure 6.5. Distribution of influent nitrogen in control (a) and enhanced (b) BNR 
Table 6.6 summarizes the overall mass balance and distribution of nitrogen in the influent 
and effluent streams. As shown, in period 1, the majority of the influent nitrogen (67%-
69%) ended up in the clarified effluent. Approximately one fifth (20%) of the influent 
nitrogen was discharged with WAS, and the rest was denitrified during this period. Only 
33%, and 28% of the nitrogen were removed during this period from reactors 1, and 2, 
respectively; potentially due to the lack of sufficient readily biodegradable carbon sources 
for denitrification. In period 3, enhanced by SFL, the influent loadings into both reactors 
were significantly increased due to excessive nutrient in the fermentates. As primary and 
RBF SFL contained significantly high level of nitrogen (about 550, and 620 mg/L of SN, 
respectively), additional nutrient increased influent loading to the reactors by roughly 41%- 
46% of the influent nitrogen, during this period. It was shown, however that the clarified 
nitrogen decreased to only 26%-28% of the influent-N; while denitrified N also 






fraction (about one third) of the influent-N was also partitioned into the biomass and left 
the reactors with the waste activated sludge. As shown, the overall nitrogen removal 
efficiencies almost doubled in the reactors during period 3 (56%, and 48% for R1 and R2, 
respectively); indicating a significant enhancement of the denitrifying bacteria after 
addition of SFL.  
Table 6.6. Nitrogen mass balance distribution in the reactors (% of total influent) 
Period  Period 1 (Control BNR) Period 3 (Enhanced BNR) 
Stream/ Reactor Reactor 1 Reactor 2 Reactor 1 Reactor 2 
N- Waste activated sludge 19% 20% 30% 28% 
N- Clarified Effluent 69% 67% 26% 28% 
N- denitrified 19% 21% 35% 37% 
Unaccounted N  - 6.7% -7.2% 9.1% 7.9% 
Fig. 6.6, shows the average distribution of phosphorus as percentage of the total influent 
phosphorus in the two reactors before (control process) and after (enhanced process) 
addition of carbon source. The graphs show clearly a significant reduction in the clarified 
P while increased P in the WAS; showing enhancement of P removal in the period 3 when 








Figure 6.6. Distribution of influent phosphorus in control (a) & enhanced (b) BNR 
Table 6.7, summarizes the partitioning of the influent phosphorus into clarified effluent 
phosphorus and biomass P content. Average phosphorus removal efficiencies were only 
41% (R1), and 35% (R2), in the first period, indicating limited readily biodegradable carbon 
in the influent to the reactors. 
Table 6.7. Phosphorus mass balance distribution in the reactors (% of total influent) 
Period  Period 1 (Control BNR) Period 3 (Enhanced BNR) 
Stream/ Reactor Reactor 1 Reactor 2 Reactor 1 Reactor 2 
P- Waste activated sludge 35% 36% 85% 75% 
P- Clarified Effluent 50% 50% 6% 8% 
Unaccounted P  15% 14% 9% 17% 
As shown in Table 6.7, initially about 50% of the influent phosphorus ended up in the 
clarified effluent in both reactors operated without supplemental carbon, while these values 
dropped sharply (to only 6%-8% of the combined influent P) during period 3. This shows 






mg P/L in period 3. Contrarily, in period 3, 75%-85% of the influent combined P, was 
accumulated in the biomass, compared to 35% observed during the first period (control 
process). This indicates significant PAOs activity in this period, resulting in 98%, and 99% 
phosphorus removal efficiencies, for reactors 1, and 2, respectively. 
 Significance of using fermentates as carbon source 
The statistical analysis of nutrient removal efficiencies was performed for the reactor fed 
with primary effluent before and after addition of fermentates using Microsoft Excel (2013) 
to check whether the difference between the two series of data (i.e. control and enhanced 
processes) were statistically significant. The difference between removal efficiencies was 
considered statistically significant at 95% confidence interval (p < 0.05) using paired two-
sample t-test method. A low p value of 0.012 for the paired nutrients (total and soluble 
nitrogen and phosphorus removal efficiencies) proved the two sets of data were statistically 
significant at the 95% confidence level.  
 Biosolids characteristics  
6.3.5.1 Particulates properties 
To further investigate the constituents of the particulates COD in the feeds and fermentates, 
particulate COD (PCOD), particulate nitrogen (PN) and particulate phosphorus (PP) 
content of the samples were analyzed. The results are summarized in the Table 6.8. 
As shown, primary effluent and primary sludge showed roughly 30% higher particulate 
COD to VSS (VS) ratio compared to the average respective ratios for the RBF effluent and 
sludge. However, the particulate nitrogen and phosphorus to VSS (VS) ratios were roughly 
comparable within the two trains roughly 6.6%-7.4% (PN), and 3.2%-3.8% (PP) of the 






Table 6.8. Summary of the average particulate fractions of the PE and RBF trains 
Parameter/ Unit Effluent wastewater* Sludge type 
 Primary effluent  RBF effluent Primary sludge RBF Sludge 
PCOD/VSS (VS) 1.73 ±0.18(4) 1.33±0.11(4) 1.48 ±0.07(5) 1.14 ±0.008(5) 
PN/VSS (VS) 0.066±0.009(4) 0.074±0.008(4) 0.038 ±0.001(5) 0.032±0.003(5) 
PP/VSS (VS) 0.023±0.001(4) 0.020±0.002(4) 0.019 ±0.006(5) 0.016±0.001(5) 
*Values in parenthesis indicate number of samples 
6.3.5.2 Inert fractionations and biomass yields 
Inert fraction of particulate COD in primary & RBF effluents and sludges were determined 
using a mass balance approach. For simplicity, the SBRs were modeled as flow-through 
completely-mixed tank reactors. Firstly, the effluent dissolved substrate concentration 




           (6.14) 
Where Ks, kd, SRT, Y, and k, represent half-velocity constant (g/m
3), endogenous decay 
coefficient (g VSS/g VSS.d), solids retention time (d), true yield coefficient (g/g), and 
maximum specific substrate utilization rate (g/g.d), respectively. The effluent soluble inert 
(Si) can be estimated by subtracting the effluent dissolved substrate concentration from 
soluble COD in the effluent (Eq. 6.15). 
Si=SCOD-S          (6.15) 
On the other hand, biodegradable COD (bCOD) in the influent can be estimated by 
subtracting effluent substrate concentration (S) and inert soluble (Si) fractions of effluent 





bCOD= TCODinf-(Si+S)= (S0-S)       (6.16) 
Heterotrophic biomass concentration (𝑋𝑎
𝑅) , cell debris (𝑋𝑖𝑛
𝑅 ) , and accumulated inert 
particulate (𝑋𝑖
𝑅) inside the reactor can be estimated using Eq. 6.17-6.19, respectively. 
𝑋𝑎






]       (6.17) 
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         (6.19) 
Where HRT, and fd, represent hydraulic retention time (d), and fraction of biomass that 
remains as cell debris (0.10-0.15 g VSS/g VSS) (Metcalf and Eddy, 2003). 
Combining Eq. (6.17)-(6.19), the total MLVSS concentration inside the reactor can be 
estimated using Eq. 6.20 (Metcalf and Eddy, 2003).  






] + (𝑓𝑑)(𝑘𝑑)(𝑋)𝑆𝑅𝑇 +
(𝑋𝑖)𝑆𝑅𝑇
𝐻𝑅𝑇
   (6.20) 
Solving this equation for Xi, returns the inert fraction of the influent COD in the feed of 
each SBR. Using the typical values of Y, k, Ks, and kd of 0.4 mg VSS/mg bsCOD, 5 g 
bsCOD/g VSS-d, 60 mg BOD/L, and 0.1 g VSS/g VSS.d, respectively (Metcalf and Eddy, 
2003), as well as operational parameters SRT, and HRT values of 10d, and 16h, 
respectively, the inert fraction of the feed to the reactors (i.e. primary and RBF effluents) 
were accordingly calculated. For the RBF effluent, COD in the control condition and 
effluent COD were simulated based on the collected data from period 3. Having calculated 
the inert fraction of the feed and using the same approach for the combined influent fed to 
the reactors during the period 3, the inert fraction of the combined feed were determined. 
A mass balance approach was then used to calculate the inert fraction of the SFL used as 
carbon source in the two reactors. Table 6.9, summarizes the particulate fractions of the 






Table 6.9. Inert particulate COD fraction of the influent and SFL fed to the reactors 
Parameter/ Unit Effluent wastewater SFL type 
Primary  RBF  Primary RBF 
Inert PCOD (mg/L) 44 43 3150 3270 
Inert PCOD/TCOD (%) 17 13 35 36 
The results show inert particulate fractions of 13%-17% of the total influent COD for the 
primary and RBF effluents. This ratio was significantly higher (above one third) for the 
primary and RBF fermented liquid samples. These values are consistent with the literature 
studies such as 33.5% unbiodegradable particulate COD fraction (Xi) reported by Ristow 
et al., (2005) and 36% obtained by O’Rourke, (1969); both reported for anaerobic digestion 
of primary sludge at mesophilic temperature. It shows that inert fraction of the filtered 
fermented sludge contributed to the increased biosolids production observed during the 
third period in both reactors. Average MLVSS inside the reactors increased significantly 
from 1030 mg VSS/L in period 1 to 2200, and 2600 mg VSS/L, for reactors 1, and 2 during 
period 3, respectively. On the other hands, microbial growth and COD removal data inside 
the two reactors showed a significant increase in the yields after the addition of SFL as 
carbon source. The biomass yield of 0.21 g VSS/g COD in the control SBRs, increased to 
0.29, and 0.3 g VSS/g COD in the enhanced R1, and R2 reactors after addition of carbon 







Figure 6.7. Regression of MLVSS and COD removal (yields) in the reactors before 
(a) and after (R1:b & R2:c) addition of fermentates 
The soluble inert fraction of the fermentates were also estimated using a simplified mass 
balance approach. In this approach, neglecting slowly biodegradable COD fraction in the 
effluent, using Eq. 6.15, the inert soluble fraction of the effluent COD in period 1 were 
calculated at 15, and 20 mg/L for primary effluent (R1), and simulated RBF effluent (R2) 
reactors, respectively. Based on observed ratio of 0.77 for average influent SCOD samples 
taken during period 3 to period 1 for both reactors, the inert fraction of COD for the third 
period were estimated at 12, and 15 mg/L, for primary and RBF-fed reactors, respectively. 
These fractions account for 9.3%, and 10.1% of the soluble primary and RBF effluent COD, 
respectively. Assuming that the increase in effluent soluble COD between periods 3 and 1 
(i.e. differential SCOD calculated for each reactor) results inclusively from the increase in 







were calculated at 338, and 416 mg/L, respectively. These values account for 5.0%, and 
5.9% of their respective soluble COD contents. 
 Process Kinetics  
6.3.6.1 Kinetics of the fermentation process 
In the fermentation process, hydrolysis is often considered as a first order reaction with 
respect to particulate organic matter. The kinetics can be explained as presented in Eq. 6.21 
(Ristow et al., 2005), and 6.22 (Lin et al., 2015). 





                                                                        (6.22) 
Where, 𝑟𝑎𝑡𝑒ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠 is the rate of change in the concentration of particulate substrate due 
to conversion to soluble materials (mg/L.d); 𝛶𝐻 , 𝐶𝑃,𝑡  and 𝐾𝐻 , are particulate organics 
dissolution rate (mg/L.d), particulate organics concentration (mg/L), and first-order 
specific rate constant (d-1), respectively. The specific rate constant of hydrolysis (𝑘𝐻) can 








                             (6.23) 
Where, 𝜃 is the hydraulic retention time; SCODe, and SCODin, represent the soluble COD 
concentrations, and PCODin, and PCODe the particulate COD concentrations in the influent 
and effluent, respectively. 
Using Eq. (6.23),  𝑘𝐻 can be estimated by measuring the slope of linear correlation between 
PCODe-PCODin and 𝜃*PCODe values in the reactors. First order hydrolysis rate constant 
for primary and RBF sludges, were estimated at 0.068 d-1, and 0.065 d-1, respectively (Fig. 
6.8). The fitness (regression parametric (R2)) values of 0.8-0.9, indicate a moderate to good 






Figure 6.8. Net particulate COD and PCODe* θ correlation for primary (a) and 
RBF (b) fermentation 
The hydrolysis constants observed in the current study are very close to the cellulose 
hydrolysis constant of 0.066 d-1 at mesophilic temperature reported by Liebetrau et al., 
(2004). However, the kH value obtained in this study is higher than the value from Lin & 
Li, (2018) study which reported 0.028 d-1 for semi-continuous fermentation of primary 
sludge at 4 day SRT (similar to the current study). This was however, lower than the kH of 
0.169, reported by Ferreiro & Soto, (2003) for the batch fermentation of primary sludge at 
35 oC, and much lower than kH  of 0.992 d
-1 reported by Ristow et al., (2005) for anaerobic 
digestion of primary sludge at 35 oC. A similar discrepancy in the reported hydrolysis 
constant was observed in the literature for hydrolysis of waste activated sludge too. For 
instance kH values of 0.17-0.6 d
-1 (Ghosh, (1981)), and 0.11 d-1 (Dagnew & Parker, 2020) 
were proposed for WAS hydrolysis at 35 oC, while Feng et al., (2009) reported a kH value 
of 0.16 d-1 for batch fermentation of WAS at 35 oC and pH 10; roughly corresponding to kH 
constant of 0.027 d-1 under uncontrolled pH condition at 35 oC.  
It should be noted that the hydrolysis rate is affected by several factors including 
temperature, pH, particle size distribution, and sludge source, which potentially describes 
the reason why the reported constants for fermentation and anaerobic digestion of primary 






6.3.6.2 Kinetics of the BNR process  
To further investigate the kinetics of the BNR process in the SBRs, cyclic tests were 
conducted in triplicates by sampling from the mixed liquor throughout a full cycle and 
monitoring the time profiles of the COD, as well as nutrient in the reactors. The temporal 
variations of the average soluble COD, NH4, NOx, and soluble phosphorus profiles, are 
presented in Fig. 6.8. It should be noted that the anoxic phase in Fig.6.9 merely indicates 
the absence of aeration, and in fact considering the prior almost complete utilization of 
nitrates during the feeding phase, this phase could be indeed considered as anaerobic 














Figure 6.9. SCOD (a), NH4 (b), NOx (c), and SP (d) time profiles: Cyclic tests of R1 
(PE-fed), and R2 (RBF- fed) reactors 
Ammonia uptake rate, and rate of phosphorus uptake were calculated during the aeration 
phase. Additionally, the rates of denitrification, and phosphorus release were measured for 
the anoxic phase. The summarized results show a relatively higher rate of ammonium 







denitrification rate occurred almost at the same rate in both reactors. P-release and uptake 
rate, however, were about 20%-22% higher in the reactor fed with primary effluent (R1) 
compared to RBF–fed (R2) reactor.   
Table 6.10. Summary of average BNR kinetic parameters for the two reactors 






Specific Ammonium uptake rate 
(mg NH4-N/g VSS.h) 
2.3 ±0.1 3.2 ±0.4 
Specific Denitrification rate 
(mg NO3-N/g VSS.h) 
11 ±0.6 10.3 ±1.1 
Phosphorus 
Removal 
Specific P- release rate 
(mg PO4-P/g VSS.h) 
11.7 ±3.5 9.7 ±1.9 
Specific P-uptake rate 
(mg PO4-P/g VSS.h) 
7.2 ±0.9 5.9 ±1.8 
Specific denitrification rate reported in the literature for pre-anoxic zone in full-scale plants 
have ranged from 1.7-17.5 mg NO3-N/g VSS.h.  Endogenous carbon on the other hand, 
results in lower values range from 0.63 to 2.5 mg NO3-N/g VSS.h (US EPA, 1993). The 
SDNR values in both reactors measured in this study were significantly higher than 
endogenous and above the average range of heterotrophic denitrification. Initial nitrate 
concentrations of 13.4 ±0.7 (R1), and 13.6 ±0.6 mg NO3-N/L (R2) at the start of anoxic 





cycle for R1, and R2, respectively. Denitrification rates during the feed phase were 
calculated at 1.3, and 1.13 kg NO3-N/m
3.d for R1 and R2, respectively. This suggests that 
denitrification occurred very fast in the presence of readily biodegradable carbon source in 
both reactors. A distinct change in the slope of the nitrate reduction, however, is observed 
during this period once the SFL was added to the reactors by showing a significant increase 
in denitrification rate. This is consistent with other similar studies where supplemental 
carbon was used to enhance the BNR processes (Louzeiro et al., 2002; Zaman et al., 2019). 
Since biological phosphorus release occurs in the presence of VFAs, under anaerobic 
condition, PAOs started to sequester the available VFAs once the nitrate is depleted. 
Phosphate release in the cyclic test commenced concurrently by the start of the feeding 
cycle, however, the release rate increased noticeably by the start of the anoxic/anaerobic 
phase when most of the nitrate was already converted. Initial phosphorus concentrations of 
1.5 ±0.3 (R1), and 2.8 ±0.5 mg P/L (R2) at the start of anoxic phase significantly increased 
to 25.7 ±3.7, and 24.2 ±8 mg/L after about 30 min of the start of anoxic phase in the 
presence of VFAs. These correspond to release rates of 11.7 and 9.7 mg PO4-P/g VSS.h, 
for R1, and R2, respectively. Subsequently, the release rates significantly decreased to 
around 1.1, and 0.5 mg PO4-P/g VSS.h, potentially due to the depletion of the available 
VFAs of the feed and SFL at this point. It is well established in the literature that slowly 
biodegradable carbon sources need to be first hydrolyzed and transformed to rbCOD in 
order to be utilized by the microorganisms (Carucci et al., 1996).    
6.4 Implications of primary and RBF SFL as carbon 
source in full-scale WWTPs 
 Case study Overview  
Considering the difference in the TSS (and COD) removal efficiencies of primary 
clarification and RBF, as well as different characteristics of the sludges such as TS content 
and composition, volume and dewaterability of the fermented sludges, and biodegradability 
of residual solids in the anaerobic digestion process, a whole plant assessment needs to be 
considered to evaluate the impact of fermentation on the biological nutrient removal 
process. This model combines experimental results such as SCOD&VFA yields and 





option on the effective influent COD:N, and COD:P ratios fed to the biological nutrient 
removal process. Hence, the objective of the case study was defined to assess the impact of 
primary treatment on the enhancement of BNR using internal carbon source, at full scale 
WWTPs. Two main cases as well as three base scenarios were considered in this study. The 
two main scenarios each utilized either primary settling tank or RBF as their primary 
treatment option, while also provided internal carbon source (SFL) by processing primary 
sludges in the fermentation units (Fig 6.10). Two of the base scenarios consisted of the 
same configuration as the abovementioned scenarios but without fermentation unit. The 
third base scenario was designed without any primary treatment. All the scenarios were 
equipped with anaerobic digesters to treat either secondary (WAS) or a mixed primary (or 
fermented sludge) and secondary sludges. They all also received identical influent and used 








Figure 6.10. Block flow diagram, SCOD, SN, and SP loads using primary (a), and 
RBF (b) primary treatment/ fermenters  
 Basic assumptions and calculations approach 
The following assumptions were made to review the scenarios in this case study:  
a) Influent flow and characterization: A hypothetical wastewater treatment plant 
receiving influent flow rate of 100 million liter per day (MLD), with the influent 
wastewater characteristics of medium strength was considered for all the scenarios. 
Influent COD, SCOD, TSS, VSS, TN, and TP values of 430, 150, 210, 160, 40, 
and 7 mg/L, respectively were used for the analysis (Metcalf and Eddy, 2003). 
Influent SP:TP and SN:TN ratios of 0.6, and 0.8, were considered based on the 
results obtained in the current study. VFA and rbCOD content of the influent were 
estimated in the middle ranges of 2%-10%, and 10%-20% of the total influent 
COD, reported in the literature (Gujer et al., 1995; Henze et al., 1995); (i.e at 15%, 
and 6% of the respective influent TCOD, respectively). 
b) Primary treatment: TSS removal efficiencies of 70%, and 45% were used for 
primary settling tank and RBF (Metcalf and Eddy, 2003; Franchi et al., 2015).   
c)  Fermentation yields: Based on the experimental results of this study VFA, SCOD, 
nitrogen, and phosphorus yields of 106 mg/g VS, 212 mg/g VS, 20 mg N/g VS, 4 
mg P/g VS for primary sludge fermentation, and 71 mg/g VS, 146 mg/g VS, 15 mg 






Additionally, total solids concentrations of 3% and 5% were considered for fresh 
primary and RBF sludges, respectively.  
d) The hydrolysis (solubilization) efficiencies during fermentation of particulate COD 
were 13.5% (PS), and 12.4% (RBF sludge) in this case study based on experimental 
results from a previous study (Bahreini et al., 2020). 
e) Based on the experimental results from the current study, biomass yields of 0.29, 
and 0.3 g VSS/g COD were considered for the enhanced primary and RBF effluent-
fed reactors, respectively. Biomass yield in control reactors (without supplemental 
carbon source) was 0.21 g VSS/g COD. 
f) The volume of VFA-rich supernatant after dewatering of fermented sludge was 
determined using a novel method described in (Bahreini et al., 2020). CSVRs of 
20%, and 32% (obtained for primary and RBF fermented sludges at 4 days SRT 
and mesophilic temperature), were used in this study. The CSVR index is 
correlated to the volume of thickened sludge after dewatering and is used in this 
case study to calculate the daily flow rates of fermentate and thickened sludge 
produced under each scenario. 
g) Anaerobic biodegradability of residual solids after primary and RBF fermentation 
were 43%, and 59%, respectively. Anaerobic biodegradability of fresh primary and 
RBF sludges were 52%, and 63%, respectively (Bahreini et al., 2020). Anaerobic 
biodegradability of WAS in the anaerobic digestion was assumed to be 50%.  
h) Inert fraction of the WAS was calculated based on the observed MLSS, and 
MLVSS inside the reactors during the experiment. Based on the results, ISS to VSS 
ratios of 0.37, and 0.39 mg ISS/mg VSS for control primary, and RBF-fed reactors, 
and 0.42 mg ISS/mg VSS for enhanced primary or RBF-fed reactors were used to 
calculate the volume of sludge after the anaerobic digestion process.  
 Calculations approach 
Based on the above mentioned assumptions and the results obtained from the experiment, 
the effective rbCOD, VFA, and COD to N, and P ratios, biogas and sludge production for 







Summary of the mass balance for the soluble fractions of the COD, N, and P for the two 
main scenarios are illustrated in Fig. 6.10 using primary settling tank (a), and rotating belt 
filtration (b), as primary treatment options. As mentioned, COD and nutrient loadings to 
the BNR were calculated using the experimental results obtained in this study as well as 
the basic assumptions listed above. The total COD and nutrient loadings to the BNR for the 
main scenarios are also summarized in Appendix D (Fig. D6.1 (a) & (b)). Table 6.11 
summarizes the effective soluble and rbCOD to soluble and total nutrient, fed to the BNR 
reactors for each scenario. 
Table 6.11. Effective soluble and readily biodegradable COD:N, and P ratios, 






Effective soluble and readily 















No primary  AD only 4.7 35.7 1.6 9.2 2,350 11,400 
Primary 
clarifier  
AD only 4.7 35.7 1.0 6.9 4,290 13,320 
Fermenter& AD 5.1 37.5 4.3 28.4 4,020 16,150 
RBF  
AD only 4.7 35.7 1.3 8.0 3,480 10,900 
Fermenter& AD 4.9 36.9 3.9 24.6 3,860 13,630 
Effective soluble COD, nitrogen and phosphorus concentrations for the treatment train with 
primary clarifier and primary sludge fermentation were 172, 34, and 4.6 mg/L, respectively. 





soluble COD:P of 4.7, and 35.7 in primary effluent, respectively. However, despite the 
moderate improvement in the soluble COD loading, the COD composition was 
significantly impacted by implementing fermenters compared to the base scenario. The 
VFA concentration of the feed (primary effluent) increased from 14 mg COD/L to 86 mg 
COD/L (6.1 times) in the combined influent to the BNR. Taking into account inert soluble 
fractions of soluble COD (i.e. 9.3% and 5% for primary effluent and SFL), the rbCOD 
concentration of the combined influent increased by 4.5 times from 35 mg/L in the primary 
effluent to 157 mg /L in the combined feed, showing a significant increase in the available 
rbCOD for the BNR process. 
Similarly, for the scenario utilizing RBF primary and RBF sludge fermenter, soluble COD, 
nitrogen and phosphorus concentrations of 162, 33, and 4.4 mg/L, were calculated in the 
combined influent. Compared to the initial values of the influent soluble COD:N, and 
soluble COD:P (i.e. 4.7, and 35.7) for the baseline scenario, implementing fermentation 
increased these ratios by 4.2% and 3.4%, respectively. Similarly, the major improvements 
were observed in readily biodegradable as well as VFA fractions of the soluble COD due 
to the use of fermentation. VFA concentration of 81 mg COD/L in the combined influent 
was roughly 2.5 times higher than that of RBF effluent (23 mg COD/L). Taking into 
account inert soluble fractions of soluble COD (i.e. 10.1% and 5.9% for RBF effluent and 
SFL), the rbCOD of the combined effluent was calculated at 146 mg COD/L; (2.6 time 
higher than the RBF effluent rbCOD of 57 mg/L. This shows that RBF sludge fermentation, 
could also effectively enhance the readily biodegradable carbon source and VFAs in the 
combined influent to the BNR process. However, the impact of primary sludge 
fermentation with primary settling tank was more significant by proving to have a higher 
intensification of the overall rbCOD and VFAs to TN, and TP ratios (144%, and 73%, 
respectively) compared to that of RBF train.  
The results from the analysis of biosolids process revealed that all scenarios equipped with 
primary treatment produced more (48%-83%) biogas compared to the base scenario with 
no primary treatment. Although primary treatment decreased the biomass production 
(WAS) in the respective scenarios compared to the scenario with no primary treatment, 





in scenarios utilizing primary settling clarification by generating 17% (without fermenter) 
to 42% (with fermenter) higher sludge volume as dry mass, compared to the base scenario 
with no primary treatment. Although primary treatment was shown to be more effective to 
enhance the biogas production in the train using primary clarification by 83%, compared to 
only 48% in RBF train, combined fermentation and anaerobic digestion was effective to 
enhance the biogas production in both trains by 64%-71% compared to the base scenario 
without primary treatment. However, overall sludge production in the RBF train with 
integrated fermentation-digestion process was about 16% lower than corresponding train 
utilizing primary clarification and integrated sludge fermentation-digestion process. The 
case study results proved the feasibility and effectiveness of both primary and RBF SFL to 
enhance the BNR in the respective treatment trains.  
6.5 Conclusions 
Lab fermenters at 4 days SRT and mesophilic temperature revealed VFA yields of 106 ±16, 
and 71 ±26 mg VFA/g VS for primary sludge and RBF sludge, respectively. Removal 
efficiencies in RBF effluent-fed reactor were enhanced by addition of RBF SFL to 57% ± 
19% (total nitrogen) and 92% ± 8% (total phosphorus), respectively. Similarly, nutrients 
removal efficiencies in primary effluent-fed reactor were enhanced by 65% (TN), and 70% 
(TP), due to carbon supplementation, compared to the control SBR. Effluent nitrogen and 
phosphorus of the reactors were close in the range of 15± 6 mg N/L, and 0.5 ± 0.3 mg P/L 
(total), and 12± 5 mg N/L, and 0.1 ± 0.1 mg P/L (soluble), respectively. It was shown that 
both treatment trains equipped with primary clarifier or RBF as primary treatment option, 
could meet stringent effluent P standards by using SFL as carbon source. Kinetic studies 
revealed comparable rates of denitrification in both reactors, while showing higher P-
release and uptake rates (by 20%-22%) in the reactor fed with the primary sludge 
fermentate. A comparative case study on a 100 MLD WWTP showed that both primary 
and RBF sludge fermentation comparably and effectively enhance the respective BNR 
processes by increasing effective readily biodegradable carbon to nitrogen and phosphors 
ratios. In addition to increasing the soluble COD:N, and soluble COD:P ratios by 3.4%-
8.5% compared to the original feed, the VFA and rbCOD composition of the fermentates 





significantly under scenarios utilizing primary treatment and sludge fermentation. These 
were around 2.5-2.6, and 4.5-6.1 times increase in the VFA and rbCOD ratios for RBF, and 
primary sludges fermentation; indicating a significant enhancement in biological nutrient 
removal efficiencies, compared to the base scenarios, which were also confirmed 
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Chapter 7  
7 Conclusions and recommendations  
7.1 Conclusions 
The overall goal of this project was to evaluate strategies to maximize resource recovery 
from primary sludges and impacts on subsequent biological nutrient removal processes. 
The details of the major research findings are presented in chapters 3, 4, 5, and 6. A brief 
summary of the key outcomes from this thesis is outlined below: 
For the first time, comprehensive mapping and tracking of the fate of cellulose, which 
comprises about one-third of the raw wastewater TSS, in two wastewater treatment plants 
located in North America and Europe was undertaken. Although about 80% of the raw 
wastewater cellulose was removed in either of the primary treatment options, type of 
primary treatment (RBF or PC) had a significant impact on cellulose capture and diversion. 
Micro screening by RBF was able to selectively capture cellulose over TSS, representing a 
considerable advantage for water resource recovery facilities aiming at cellulose recovery. 
Cellulose content in the RBF sludge was almost twofold higher than primary clarifier 
sludge (35%, and 17% by weight of TSS, respectively). Contrary to widespread common 
belief that cellulose was ultra-slowly biodegradable in activated sludge processes, with 
degradation kinetics strongly influenced by temperature and SRT, cellulose was efficiently 
biodegraded during biological treatment irrespective of the biological process configuration 
(i.e. CAS vs. MUCT) and SRT (7 to 14 days), with all systems tested in this research 
achieving effluent cellulose concentrations of 2-3 mg/L, and at temperatures ranging from 
13.7 oC (winter) to 24.8 oC (summer).  Consistent, with literature studies on the anaerobic 
biodegradability of cellulose, cellulose alone contributed 38%-41% of the methane 
production.  
pH-controlled fermentation was also shown to be effective in improving the VFA yields by 
up to 93% and 72% at pH 9 (relative to no pH control), for RBF and primary sludges, 
respectively. In light of the high cellulose content of primary sludges, the interrelated 
impact of cellulase enzyme, temperature, and SRT on the enhancement of primary and RBF 
sludges fermentation was also investigated in this research.  A positive impact of enzyme 





observed. Enzyme, which was shown to be specific to the cellulose degradation, enhanced 
fermentation process and increased VFA yields by 36% and 86% for primary and RBF 
sludges, respectively. Further research using the response-surface methodology (RSM) 
model depicted an optimum in the high-enzyme long-SRT range, well beyond what is 
economically practical. This clearly suggested that despite the specificity of cellulase, 
fermentation is optimized at a specific dose. VFA yields were shown to be directly 
correlated to the increase of SRT with average yields of 71±14, and 112±24 mg COD/g VS 
for fermented RBF and primary sludges at SRTs of 1-4 days, respectively. Fermentates 
proved to perform comparable to commercial carbon sources in the denitrification tests 
confirming process viability as an alternative to the extraneous carbon sources for 
biological nutrient removal in wastewater treatment plants. 
This research further assessed the techno-economic value of integrated fermentation-
digestion processes relative to a single stage digestion of primary and RBF sludges. The 
concentrated sludge volume ratio-CSVR, a newly developed index in this study to 
practically assess the dewaterability of fermentates, was inversely impacted by contact time 
in the batch fermentation. Economic viability of the fermentation process was confirmed 
by payback periods of 2.7±1.1 years (RBF), and 3.6±2.7 years (PS), with savings of up to 
7.2±2.0% (RBF), and 7.6±2.7% (PS) of the total sludge handling and disposal costs. 
Integration of fermentation and digestion processes reduced the biogas production of the 
residual fermented solids by 12.7% and 8.4%, compared to the digestion of fresh RBF and 
primary sludges due to VFA recovery, respectively; but contrarily, the integrated system 
was shown to economically outperform the single stage digestion for both sludge types. 
This research also assessed the impact of supplementing biological nutrients removal 
process with sludge fermentation liquid. Results showed that SFL is capable of enhancing 
the BNR process by showing significantly higher rbCOD:N, and rbCOD:P ratios compared 
to the influent wastewater. Operation of reactors fed with either primary or RBF effluents 
proved that both sludge fermented liquid could effectively and comparably enhance the 
BNR process in their respective reactors fed with either primary or RBF effluents. Removal 
efficiencies in RBF effluent-fed rector was enhanced by RBF SFL reaching  to 57% ± 19% 
(TN) and 92% ± 8% (TP), respectively. Nutrients removal efficiencies in primary effluent-





compared to the removal efficiencies in the control SBR.  Effluent nitrogen and phosphorus 
of the reactors were closely in the range of 15± 6 mg N/L, and 0.5 ± 0.3 mg P/L (total), and 
12± 5 mg N/L, and 0.1 ± 0.1 mg P/L (soluble), respectively. Kinetics study revealed 
comparable rates of denitrification in both reactors, while a higher P-release and uptake 
rate (by 20%-22%) for phosphorus cycle was observed in the reactor fed with primary 
sludge compared to RBF-fed reactor. Results from this study confirmed that both treatment 
trains equipped with primary clarifier or RBF as primary treatment option integrated with 
fermentation process, perform comparably and meet an acceptable effluent nutrient 
standard by supplementing respective SFL as carbon source. However, it was shown that 
reducing excessive nutrient content of the SFL, and supplying additional external carbon 
source may still be needed to meet stringent effluent quality standards in wastewater 
treatment plants.  
7.2 Recommendations for future research 
Based on the major findings of this PhD project, future research is recommended to address 
the following topics: 
• While in this work we investigated interrelated impact of enzyme, temperature and 
SRT, the effect of pH-control fermentation on solubilization and VFA production of 
primary and waste activated sludges deserves more attention. 
• Detailed investigation and modeling of the fermentation kinetics of various 
components of biosolids i.e. lipids, carbohydrates, proteins, cellulose, and lignin is 
required to understand and optimize the interrelation impact in heterogeneous matrices 
such as different types of sludge, recovery of the VFAs, and controlling the release of 
nitrogen, and phosphorous.  
• Struvite precipitation to remove excess N&P from the fermented sludge, and purify the 
VFA is warranted. This will help to minimize the required dose and maximize the 
efficiency of carbon supplementation for the BNR process. 
• Integrated two-stage biosolids fermentation-digestion process modeling and 
incorporation of the model in whole-plant simulation will be beneficial for maximizing 
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Table A3.1a: Influent wastewater characteristics to both SBRs 
Parameters Unit RWW-SBR RBF-SBR 
TSS mg/L 147 ± 3 95 ± 3 
VSS mg/L 115 ± 2 75 ± 2 
TCOD mg/L 313 ± 8 220 ± 6 
SCOD mg/L 96 ± 4 86 ± 4 
TN mg/L 50 ± 2 46 ± 2 
NH4+-N mg/L 27 ± 2 27 ± 1.5 
TP mg/L 4.7 ± 0.2 3.9 ± 0.3 
TCOD:TN -- 6.4 ± 0.3 4.8 ± 0.2 
SCOD:TN -- 1.9 ± 0.1 1.9 ± 0.1 
 
Table A3.1b: Effluent wastewater characteristics from both SBRs 
Parameters  Unit RWW-SBR RBF-SBR 
TSS  mg/L 9 ± 2 9 ± 2 
VSS  mg/L 6 ± 1 6 ± 1 
TCOD  mg/L 27 ± 3 30 ± 3 
SCOD  mg/L 19 ± 4 21 ± 3 





Parameters  Unit RWW-SBR RBF-SBR 
NO3-N  mg/L 18 ± 1 20 ± 2 
NH4+-N  mg/L 1.9 ± 0.3 1.7 ± 0.2 
TP  mg/L 0.97 ± 0.02 0.97 ± 0.02 
MLSS  mg/L 2410 ± 58 2120 ± 17 




-- 0.56 0.59 
*Biomass 
yield 
 mg VSS/ mg 
COD 
0.35 0.28 
*The observed biomass yields are derived from the linear fits of cumulative VSS wasted versus 
cumulative COD removed. 
 
Cost analysis calculations: 
Case I: with primary treatment 
Influent cellulose=1000 kg/day 
Primary treatment removal efficiency= 80% 
Primary sludge loading rate= 800 kg/day 
Primary effluent loading rate= 200 kg/day 
Cellulose aerobic biodegradation efficiency= 80% 
Cellulose converted to biomass= 160 kg/day 
Total non-biodegradable cellulose= 40 kg/day 
 Non-biodegradable cellulose in the secondary effluent (60% of the non-biodegradable 





Non-biodegradable cellulose in the WAS= 16 kg/day 
Cellulose biodegradation efficiency in the anaerobic digestion is assumed 70% according 
to the literature. 




Biomass disintegration efficiency in the anaerobic digestion is assumed=50% 








1 + 0.1 ∗ 10
= 38 𝑘𝑔𝑉𝑆𝑆/𝑑𝑎𝑦  
𝑀𝑒𝑡ℎ𝑎𝑛𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛























































Assuming that energy price is 0.1 $/kwh 





































𝑆𝑙𝑢𝑑𝑔𝑒 ℎ𝑎𝑛𝑑𝑙𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 = 181 $/𝑑𝑎𝑦 
𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑛𝑒𝑡 𝑏𝑒𝑛𝑒𝑓𝑖𝑡 = 210 − 181 = 29 $/𝑑𝑎𝑦 
 
Case II: without primary treatment 
Influent cellulose=1000 kg/day 
Cellulose biodegradation efficiency= 85% 
Cellulose converted to biomass= 850 kg/day 
Total non-biodegradable cellulose= 150 kg/day 
 Non-biodegradable cellulose in the secondary effluent (20% of the non-biodegradable 
cellulose) = 30 kg/day 
Non-biodegradable cellulose in the WAS= 120 kg/day 
Cellulose biodegradation efficiency in the anaerobic digestion is assumed 70% according 
to the literature. 




Biomass disintegration efficiency in the anaerobic digestion is assumed=50% 








1 + 0.1 ∗ 10





























































Assuming energy price is 0.1 $/kwh 












Assuming sludge handling cost is 684 $/ton  
𝑇𝑜𝑡𝑎𝑙 𝑠𝑙𝑢𝑑𝑔𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛



















𝑆𝑙𝑢𝑑𝑔𝑒 ℎ𝑎𝑛𝑑𝑙𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 = 527 $/𝑑𝑎𝑦 
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Intercept 223.58 6.95 208.98 238.17 N.A. 
SRT 47 4.24 38.1 55.9 1.04 
Enzyme 22.13 4.68 12.29 31.97 1.02 
Temperature 29.92 3.46 22.65 37.19 1 
SRT*Enzyme -18.2 5.58 -29.93 -6.47 1.02 






Intercept 390.25 14.27 360.27 420.23 N.A. 
SRT 51.94 8.70 33.65 70.23 1.04 
Enzyme 56.35 9.62 36.14 76.56 1.02 
Temperature 52.75 7.11 37.82 67.68 1.00 
SRT*Temp. -38.68 11.47 -62.78 -14.59 1.02 




















Intercept 148.37 4.53 138.84 157.89 N.A. 
SRT 36.39 3.40 29.26 43.52 1.00 
Enzyme 34.33 3.79 26.37 42.28 1.00 
Temperature 17.18 2.85 11.20 23.17 1.02 
SRT*Temperature -6.98 3.40 -14.11 0.1553 1.02 






Intercept 310.38 5.73 298.39 322.37 N.A 
SRT 76.17 6.83 61.88 90.46 1.00 
Enzyme 93.00 7.62 77.06 108.94 1.00 
Temperature 34.75 5.68 22.87 46.63 1.00 










Figure B4.1. pH change in the reactors for primary and RBF sludges fermented at 








Appendix C: Supplementary information for Chapter 5 
Table C5.1. Characteristics of primary, ADS, and mixed sludges in batch 
fermentation 
Parameter / 












Primary sludge 43800 1650 750 2.76 2.32 0.84 
Inoculum (ADS) 7200 560 95 1.51 0.75 0.50 
Mixed sludge 34400 1400 590 2.40 1.90 0.79 
 
Table C5.2. Recovery potential for VFA, and SCOD and residual solids in the batch 
fermentation 
Parameter HRT 1d HRT 2d HRT 3d HRT 5d 
Supernatant SCOD (mg) 990 1470 2600 3900 
VFA (mg) 590 760 1270 1850 
Residual 
thickened sludge 
Total solids (mg/L) 83000 87000 96000 107000 
Volatile solids 
(mg/L) 







Fig. C5.1. Cumulative methane production profile of residual fermented solids and 
fresh primary sludge  
 
Sample calculations for the Case study: WWTP 100MLD 
Table C5.3. Case study assumptions  
Item Value Unit 
Influent flow 100 MLD 
TSS 350 mg/L 
TSS removal efficiency (RBF) 45  % 
TSS removal efficiency (PC) 70  % 
 
TSS removal for Primary clarifier: 70% 
Primary Sludge TS: 2% & VS/TS= 0.75 
TSS removal for RBF: 45%  





VFA value: 0.98 USD/Kg (Liu et al., 2018) ,  Methane Value: 0.44 USD/m3 (Liu et al., 2018), 
Dewatering cost : 0.01 USD/kg TS (market price of Polyacrylamide (PAM) and average dose 
of 5 g PAM/Kg TS (M.O.E., 2020) , Sludge handling cost: 648 CAD/ dry ton (ANR, 2016). 
The values for methane and VFA and sludge handling costs are based on the listed references.  
It must be asserted that the scenario 4 (Sc. 4) refers to primary/RBF sludges going straight to 
anaerobic digestion. 












CSVR  Hydrolysis 
(%) 
Anaerobic 
degradability   
(%) 
RBF 
Sc1 1d 56 191 38 7.0 48 
Sc2 2d 72 220 36 8.6 55 
Sc3 4d 84 238 32 9.8 59 
Sc4 fresh NA 253 100 0.0 63 
PS 
Sc1 1d 86 208 27 9.9 52 
Sc2 2d 116 184 24 14.3 46 
Sc3 4d 133 171 20 19.9 43 









Sample calculations (for RBF sludge fermented at 1d SRT): 
Sludge daily production= 100,000,000 L/d* 350 mg/L (TSS mg/L) * 45% 
(efficiency)/1000000 (mg/Kg)= 15750 Kg TS(Sent to the fermentation unit) 
Total Solids (TS)= 15750 Kg, Volatile Solids (VS)=15750*0.85=13388 Kg,  Inert Solids 
(IS) = 15750*0.15 = 2263 kg 




VFA production= 56 (mg VFA /g VS)* 13388 (Kg VS)*1000 (Kg/g) *1/1000000 
(mg/Kg)=750 Kg 
VFA Value=750 (Kg)* 0.98 (USD/Kg)*1.4 CAD/USD=1029 CAD 
Total TS to dewatering unit =IS+ (1-hydrolyzed solids)*VS= 2363 + (1-0.07)* 13388 = 
14813 kg 
Total VS to dewatering unit = (1-hydrolyzed solids)*VS= (1-0.07)*13388 = 12450 Kg 
TS of fermented sludge (% =TS (Kg)/ Total sludge Volume 
(L)*100=14813/306250=3.8% 
VS of fermented sludge (%) = VS (Kg)/ Total sludge Volume 
(L)*100=12450/306250=3.2% 
 
393750 15750 13388 2363 7.0
Primary/RBF sludge to the Fermenter
PC/RBF 
sludge (Kg)
TS (Kg) VS (Kg) IS (Kg) Hydrolysis
TS (kg) VS (Kg) IS (Kg) VS/TS
14813 12450 2363 0.84






Thickened sludge = Fermentate* sludge volume reduction (CSVR) = 
393750*38%=149625 Kg 
Thickened sludge TS= TS entering dewatering-TS in the separated liquid=TS entering- 
(Total sludge –thickened sludge)* TS in the separated liquid=14813 Kg-(393750-
149625)*2600mg/L*1/106=14178 Kg 
Thickened sludge VS= VS entering dewatering-VS in the separated liquid=VS entering- 
(Total sludge –thickened sludge)* VS in the separated liquid=12450 Kg-(393750-
149625)*2000mg/L*1/106=11962 Kg 
Dewatering cost=Total TS of sludge*unit cost= (14813 (kg TS Sludge)) * 0.01 (USD/Kg 
TS) *1.4 (CAD/USD)=207.4 CAD 
 
Digestion: 
Thickened fermented sludge VS=11962 Kg (from dewatering unit) 
g VS of substrate/L of sludge= VS of sludge /Volume of sludge=11962 Kg*1000 
(g/Kg)/149625 Kg= 80 g/L 
Methane yield values were calculated based on the average methane production in the 
AMPTS units in respective reactors under mesophilic temperature. The modified 
Gompertz model (Eq. C5.1) was used to describe the rogression of cumulative methane 
production in the BMP tests (Zwietering et al., 1990): 
BMP(t) = 𝐵𝑀𝑃∞ ∗ 𝑒𝑥𝑝 {−𝑒𝑥𝑝 [
𝑅𝑚∗𝑒
𝐵𝑀𝑃∞
∗ (𝜆 − 𝑡) + 1]}                                (C5.1) 
Where  BMP(t) is the cumulative methane production (mLCH4/g VS), 𝐵𝑀𝑃∞ is the 
ultimate methane production yield (mLCH4/g VS), Rm is the maximum methane 
TS (kg) VS (Kg) IS (Kg) VS/TS TS (kg) VS (Kg) IS (Kg) VS/TS
14178 11962 2216 0.84 635 488 146 0.77





production rate (mLCH4/g VS.day), λ is the lag phase time (days), t is the incubation time 
(days), and e = exp. (1) = 2.718. 
Methane production= methane yield*VS of substrate=229 (mL CH4/g VS)* 1/1000000 
(m3/mL)* 11962 (Kg VS)*1000 (kg/g)= 2739 m3 CH4
 
Methane Value= 2739 (m3 CH4)*0.44 (USD/ m
3 CH4)*1.4(CAD/USD)=1687  CAD 
Due to the difference between the wet sludge volumes of residual fermented sludges 
(Sc1~3) and that of fresh sludges (Sc4), to account for shortened SRT applied to scenario#4, 
experimental methane yields determined for this scenario have been modified to reflect this 
different sludge volume and account for loss in methane production due to shortened SRT. 
Eq. C5.2 below has been used to modify methane yield as a function of SRT (Liptak, 1974). 
Vd=13.7* Ln (SRT)+18.9                                                                                       (C5.2) 
Where Vd is the volatile solids destruction (%) and SRT is the digestion time (days). 
Disposal Cost: 
(Note: Disposal costs include dewatering, transfer and landfilling procedures) 
Wet digested sludge TS =Sludge VS entering digester*(1-biodegradability)+ IS of sludge 
entering digester= 11962 Kg *(1-48%)+2216 Kg= 8436 Kg 
TS (%) of wet sludge=TS in sludge/ total sludge volume= 8436 Kg/149625 Kg= 5.6% 
Wet digested sludge VS =Sludge VS entering digester*(1-biodegradability) = 11962 Kg 
*(1-48%) = 6220 Kg 
VS (%) of wet sludge=VS in sludge/ total sludge volume= 6220 Kg/149625 Kg= 4.2% 
Total volume of wet sludge= TS (Kg)/ TS (%)=8436/5.6%=150 ton 






Overall savings (income)= Income from VFA recovery+ Income from biogas 
production=1029+1687= 2716 CAD 
Total cost= Disposal cost+ cost of dewatering of fermentates=19691 CAD+207 
CAD=19898 CAD 
Net cost= Total cost-savings= 19898 CAD-2716 CAD= 17182 CAD 
Payback period: 
Fermenter Volume (m3)= SRT*sludge flow= 1*393750 (L/d)= 394 m3 
Number of units: 1, Total capital cost (estimated)= 644394 CAD 
Cumulative cash flow (year 1)= Initial outlay – Net VFA recovery value= 644394- (1029-
207) *365*1=344634 CAD 
Cumulative cash flow (year 2)= Initial outlay – Net VFA recovery value= 644394- (1029-
207) *365*2=44912 CAD 
Cumulative cash flow (year 3)= Initial outlay – Net VFA recovery value= 644394- (1029-
207) *365*3= - 254828 CAD 
Payback period= 644394/(30*(1029-207))=26 months= 2.2 years 




Cumulative cash flow (CAD) 
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Fig. D6.1. Block flow diagram, TCOD, TN, and TP loads to the BNR process using 








Case study calculations 
i) Train without primary treatment 
To compare the COD to N, and P ratios available for BNR process as well as sludge 
production in a plant with either of the primary treatment options with the same plant 
without any primary treatment, a base scenario has been considered with the same 
configuration and influent characteristics as shown in Fig. D6.1 without incorporating 
primary treatment. WAS, methane and overall sludge production in this scenario are 
calculated as shown below:  
Biomass produced in the biological reactor (WAS)= 43000 kg COD/d*(0.44 g VSS/g 
COD)/(1+0.1*10)= 9460 kg VSS/d 
Inert suspended solids load= (210-160) mg ISS/L*100*106 L/d*10-6 kg/mg=5000 kg 
TSS/d 
Methane production in the anaerobic digester= (9460*50/100*1.42 kg COD/kg VSS)*0.35 
m3 CH4/kg COD= 2350 m
3 CH4/d= 84,160 MJ/d 
Total sludge production= 9460 kg VSS/d*50/100+ 5000 kg ISS/d+9460*0.15/0.85 kg 
ISS/d = 11,400 kg TSS/d 
 
ii) Train with primary settling tank (without fermenter) 
Primary sludge production rate: 160 mg/L* 70%= 112 mg VSS/L of WW 
COD reduction in primary settling tank= (1-((430-150)*(1%-70%)+150))/430)*100=46% 
Total TSS in the primary sludge= 210 mg TSS/L*100*106 L/d*10-6 kg/mg*70%= 14700 
kg/d 
Total VSS in the primary sludge= 160 mg TSS/L*100*106 L/d*10-6 kg/mg*70% = 11200 
kg/d 





Biomass produced in the biological reactor (WAS)= 43000 kg COD/d*(1-0.46)* (0.44 g 
VSS/g COD)/(1+0.1*10)= 5110 kg VSS/d 
Methane production in the anaerobic digester= (11200 kg VSS/d*0.52* 1.48 kg COD/kg 
VSS+5110*50/100*1.42 kg COD/kg VSS)*0.35 m3 CH4/kg COD= 4290 m
3 
CH4/d=153,460 MJ/d 
Total sludge production= 11200 kg VSS/d*(1-0.52) +(14700-11200) kg TSS/d+ 5110 kg 
VSS/d*50/100+0.37 mg ISS/mg VSS*5110 kg VSS/d= 13,320 kg TSS/d 
 
iii) Train with primary settling tank and fermenter  
Primary sludge production rate: 160 mg/L* 70%= 112 mg VSS/L of WW 
COD reduction in primary settling tank= (1-((430-150)*(1-70%)+150))/430)*100=46% 
SCOD production in the fermenter= 212 mg /g VS* 11200 kg VS/d *103kg/g*1/106 
mg/kg=2375 kg SCOD/d 
Similarly, SN, and SP production in the fermenter can be calculated at 220, and 45 kg/d, 
respectively.  
Total VSS left after fermentation= 11200*(1-13.5%)= 9690 kg/d 
Total TSS left after fermentation= (14700-11200)+ 11200*(1-13.5%)=13190 kg/d 
Thickened sludge volume after dewatering= 490000 L*0.2 *0.001=98 m3 
Total volume of VFA-rich SFL diverted to the BNR=490 m3-98 m3=392 m3 
Biomass produced in the biological reactor (WAS)= (43000 kg COD/d*(1-0.46)+ 2375 kg 
SCOD/d*9035 mg TCOD/L/6781 mg SCOD )*0.29 g VSS/g COD=  7650 kg VSS/d 
Methane production in the anaerobic digester= (9515 kg VSS/d*0.43* 1.48 kg COD/kg 







Total sludge production= 9515 kg VSS/d*(1-0.43)+(13190-9515) kg ISS/d+ 7650 kg 
VSS/d*50/100 +0.42 mg ISS/mg VSS*7650 kg VSS/d = 16,150 kg TSS/d 
 
iv) Train with RBF (without fermenter) 
RBF sludge production rate: 160 mg/L* 45%= 72 mg VSS/L of WW 
COD reduction in RBF= (1-((430-150)*(1-45%)+150))/430)*100=29% 
Total TSS in the primary sludge= 210 mg TSS/L*100*106 L/d*10-6 kg/mg*0.45= 9450 
kg/d 
Total VSS in the primary sludge= 160 mg TSS/L*100*106 L/d*10-6 kg/mg*0.45= 7200 
kg/d 
Total ISS in the primary sludge= 9450-7200=2250 kg/d 
Biomass produced in the biological reactor (WAS)= 43000 kg COD/d*(1-0.29)* (0.44 g 
VSS/g COD)/(1+0.1*10)= 6720 kg VSS/d 
Methane production in the anaerobic digester= (7200 kg VSS/d*0.63* 1.14 kg COD/kg 
VSS+6720*50/100*1.42 kg COD/kg VSS)*0.35 m3 CH4/kg COD= 3480 m
3 CH4/d= 
124,580 MJ/d 
Total sludge production= 7200 kg VSS/d*(1-0.63) +(9450-7200) kg TSS/d+ 6720 kg 
VSS/d*50/100 + 0.39 mg ISS/mg VSS*6720 kg VSS/d = 10,900 kg TSS/d 
 
v) Train with RBF and fermenter  
RBF sludge production rate: 160 mg/L* 45%= 72 mg VSS/L of WW 
COD reduction in RBF= (1-((430-150)*(1-45%)+150))/430)*100=29% 
SCOD production in the fermenter= 146 mg /g VS* 7200 kg VS/d *103kg/g*1/106 





Similarly, SN, and SP production in the fermenter can be calculated at the rates of 120, and 
20 kg/d, respectively.  
Total VSS left after fermentation= 7200*(1-12.4%)=6310 kg/d 
Total TSS left after fermentation= (9450-7200) + 7200*(1-12.4%) = 8560 kg/d 
Thickened sludge volume after dewatering= 189000 L*0.32 *0.001=60.5 m3 
Total volume of VFA-rich SFL diverted to the BNR =189 m3-60.5 m3=129 m3 
Biomass produced in the biological reactor (WAS)= (43000 kg COD/d*(1-0.29)+1050 kg 
SCOD/d*8889 mg TCOD/L/7049 mg SCOD)*0.30 g VSS/g COD= 9560 kg VSS/d 
Methane production in the anaerobic digester= (6310 kg VSS/d*0.59* 1.14 kg COD/kg 
VSS+9560*50/100*1.42 kg COD/kg VSS)*0.35 m3 CH4/kg COD=3860 m
3 CH4/d= 
138,230 MJ/d 
Total sludge production= 6310 kg VSS/d*(1-0.59)+ (8560-6310) kg ISS/d+ 9560 kg 
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